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Abstract 
A set of four hydrographic sections through the Brazil Current are analyzed to 
identify downstream changes in the Brazil Current. The data, from the Thomas 
Washington Marathon Cruise, Leg 9, are at 27, 31, 34 and 36° S. The region they 
span details the change of the current from a relatively small near surface feature to a 
large, deep current. While the Brazil Current does not appear to develop transports 
as large as those found in the Gulf Stream, the calculated transports greatly exceed 
previous estimates. At 27° S the current extends down to apprmcimately 700 m 
and transports 12 Sv southward; this value is consistent with previous estimates 
farther north. Downstream, surface layer transport increases, the current deepens, 
and the transport reaches a maximum of 80 Sv at 36°S. Part of the growth comes from 
the tight recirculation found just offshore of the Brazil Current. The recirculation 
strengthens and deepens to the south, with a minimum transport of 4 Sv north at 
27° S and a maximum of 33 Sv at 36° S. 
The change in the current is also reflected in its shear profiles. At 27° S Brazil 
Current shear is found only in the upper portion of the water column, over the 
continental slope. Downstream, the current moves off the slope into deeper water and 
develops top-to-bottom, monotonic shear. To obtain velocity from the shear profiles, 
zero velocity surfaces are chosen based on conservative use of tracer information. 
A simple basin-wide model is used at 31° S to tie limits on the size of the Brazil 
Current and recirculation to various limits on layer-to-layer exchanges south of the 
section. The multi-layer model - based on changes in depth of several isotherms -
is used to extend the interpretation of the current beyond that of an isolated ocean 
feature. The model is required to conserve mass in each layer, either by applying 
barotropic transports or by allowing layer-to-layer exchanges south of the section . 
Solutions are deemed acceptable if the sense, or direction, of the various layer-to-layer 
conversions are consistent with accepted ideas of water mass formation . Initially, a 
two layer model is employed. Governed by the conservation of mass in each layer , the 
two layer model has only one constraint on the resulting solutions: a conversion of 
cold-to-warm water in the south (or the surface layer flowing north and the deep layer 
flowing south). Such a meridional flow pattern is consistent with the equatorward 
heat flux in the South Atlantic. The single constraint, however, is not strong enough 
to limit the solution region in any significant way. The final model presented has 
four layers, and acceptable solutions have the net transports of the surface layer and 
the bottom water northward and form intermediate water from North Atlantic Deep 
Water in the south. The resulting solution set has a fairly small range of transports 
for the Brazil Current, with surface layer transports between 20 and 35 Sv; this 
range is consistent with the value calculated from hydrographic data at 31 o S. Given 
the complex interleavings of the South Atlantic water masses , the four layer model 
performs remarkably well. 
Finally, total potential vorticity is calculated from the hydrographic sections. Con-
trary to what one might expect, the reference level choice is not a significant problem: 
where currents are large, most of the signal in relative potential vorticity comes from 
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the measured shear, and where currents are small, the relative potential vorticity is 
not significant compared to the planetary vorticity. Unfortunately, the process of 
taking two horizontal derivatives of the density field results in a jittery relative po-
tential vorticity signal. As a result, a clear potential vorticity profile could not be 
constructed for the current. This variablitiy may be real -the ocean is frequently 
much noisier than one imagines. It may also be possible, though, to smooth the data 
sufficiently so that a cleaner picture emerges. 
Despite the problems involved in obtaining a quantitative profile of the poten-
tial vorticity, qualitative changes are useful in detecting different flow regimes. By 
comparing the downstream changes in total and planetary potential vorticity, one 
can deduce frictional and inertial regimes in the different layers. The presence of a 
frictional regime at the inshore edge suggests that care should be taken in assuming 
that potential vorticity is conserved in western boundary currents. In addition the 
potential vorticity sections trace a pattern of the recirculation feeding into the Brazil 
Current in the upper layers; other tracers did not provide a clear image. 
The final picture which emerges is not of a small, surface-trapped Brazil Current; 
rather, it is that of a classic western boundary current, increasing in strength and 
depth before turning east into the interior ocean. 
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Chapter 1 
Introduction 
Western boundary currents entrance oceanographers. These strong currents close 
the circulation of the subtropical gyres in each ocean: the Gulf Stream in the North 
Atlantic, the Kuroshio in the North Pacific, the Agulhas in the Indian Ocean and 
the Brazil Current in the South Atlantic. The relatively narrow, high velocity 
currents are critical to general circulation schemes for the large basins; they are 
important in the balances of mass, heat, salt, and other nutrients. What really 
intrigues us , is that after literally hundreds of years of study, we continue to learn 
more about western boundary currents. 
Theoretical investigations of western boundary currents (the majority of which are 
specifically about the Gulf Stream) generally take one of two approaches: examining 
the current as an integral element of the entire basin circulation, or treating it as an 
entity unto itself. In the first group are early theoretical investigations which 
showed that western boundary currents could result from gyre-scale wind forcing 
(Stommel, 1948) or inertial effects (Fofonoff, 1954). These init ial idealized models 
have been extended in numerous ways to include more layers, topographic forcing or 
other effects. In a different vein are the large scale computer models of general 
circulation (e.g. Holland and Lin, 1975) which resolve many scales of motion and 
are able to reproduce some of the characteristics of western boundary currents. 
Models in the second group are usually designed to look at a specific feature of the 
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current such as growth, separation or instability. For example, Rossby (1936), in an 
effort to explain the downstream growth of the current, modeled the Gulf Stream as 
a turbulent jet which entrained water downstream. Warren (1963) developed a 
model of the Gulf Stream which treated it as a narrow jet whose path was 
determined by changes in latitude and topography, i.e., vorticity. Stommel (1954) 
modeled a constant potential vorticity current which gave a velocity profile similar 
to the Gulf Stream. 
An even simpler way to look at western boundary currents is to treat them just as 
the closure for a wind driven circulation. Using wind stress estimates for a basin to 
drive a Sverdrup interior, one can calculate the western boundary current transport 
needed to balance the system. One of the problems that this raises is that wind 
stress estimates for the North and South Atlantic suggest that the Brazil Current 
and Gulf Stream should be of the same size, in fact , Godfrey (1989) computed a 
larger Brazil Current than Gulf Stream. Most experimental studies have not shown 
this to be true. The Gulf Stream is almost always reported to be much larger than 
the Brazil Current. Stommel (1965) suggested the difference in the thermohaline 
circulation was the cause of the difference in strength of the currents, with the Gulf 
Stream being augmented by the surface thermal circulation, and the Brazil Current 
being degraded by the northward surface thermal circulation (fig 1.1 ). Indeed, the 
South Atlantic is unique in the sense that it is the only ocean with meridional heat 
flux towards the equator (Bryan, 1962). The complicated structure of the 
thermohaline circulation in the South Atlantic creates one of the perennial problems 
for those who study the Brazil Current: how to define the Brazil Current. 
The general path of the Brazil Current was mapped by Rennell (1832) on the basis 
of surface currents (fig 1.2). He described the Brazil Current branching off the 
Equatorial Current at about 8° S, and continuing as a weak current to about 17° S, 
where it was strengthened by drift currents of the South East trade winds. Rennell's 
Brazil Current continued down the coast to Cabo Frio, where the coastline breaks, 
throwing the current farther offshore for a stretch until it rejoined the coastline at 
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Figure 1.1: Schematic diagram of a possible explanation of the different transports 
of the Gulf Stream and the Brazil Current. from Stommel (1965). 
about 30° S. His description breaks down at La Plata river, which he has emerging 
as a strong oceanic stream. His Brazil Current branches in two, one part forming 
part of the Southern Connecting Current (the Brazil-Falklands confluence), and the 
other continuing south of La Plata, eventually rounding Cape Horn. Findlay (1853) 
corrects t he direction of flow to the south of La Plata; he shows the Cape Horn 
Current (Falklands Current), coming north along the coast and joining the Southern 
Connecting Current. 
More modern descriptions of the Brazil Current differ only in detail from the above 
description; they also illustrate some of the problems involved in estimating 
transport of the Brazil Current. The warm, saline surface current flows south, 
drawing only 4 Sv from the South Equatorial Current (Peterson and Stramma, 
1991 ). At about 15° S the shelf widens, causing the current to move farther away 
from the coast, although it sometimes meanders onto the shelf. At 20.5° S the 
current encounters the Vitoria-Trindade Ridge, where it splits to follow several 
paths through the ridge (Evans, Signorini and Miranda, 1983). Off the coast of 
Cabo Frio, at 23° S, the current usually meanders offshore, but direct current 
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Figure 1.2: Surface currents of the South Atlantic as charted by Major Rennell (1832). 
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measurements in the area suggest that half the current is still confined to the shelf, 
inshore of the 200 m isobath (Evans and Signorini; 1985). Indeed , satellite images of 
the region suggest that the inshore edge of the current may be on the shelf from 
21 °to 35° S (Garfield, 1988). South of Cabo Frio the transport of the Brazil Current 
grows at a rate of five percent per 100 km (Gordon and Greengrove, 1986). The 
growth has lead some to suggest the presence of a recirculation cell offshore (Gordon 
and Greengrove, 1986; Stramma, 1989). Stramma estimates the strength of the 
recirculation at 30° S to be 7.5 Sv. At about 36° S the Brazil Current joins with the 
northward flowing Falklands Current in an eastward confluence. 
Not mentioned at all in the above description is the presence of a southward deep 
western boundary current of North Atlantic Deep Water. The fact that it flows in 
the same direction as the surface western boundary current, brings about part of 
the problem of bow to define the Brazil Current. Historically, the Brazil Current is 
defined to be a warm, saline surface current. The obvious problem with this 
definition is that , by definition, the Brazil Current cannot deepen. A second 
definition, similar to that for the Gulf Stream, is that the Brazil Current comprises 
all the contiguous southward flowing water aligned with the surface expression. The 
problem with this definition is that as the current deepens , it eventually joins with 
the southward flowing North Atlantic Deep Water; this results in a large jump in 
transport. This ambiguity does not pertain to either the Gulf Stream or the 
Kuroshio because they have no deep western boundary currents flowing in the same 
direction as the surface current. 
A simple solution would be to omit the term Brazil Current from the discussion and 
just present total transports. Although this accomplishes the goal of not mixing 
interpretation with observation, it seems a bit extreme. The second definition seems 
to be the only way to consistently compare the Brazil Current with other western 
boundary currents, and it is the definition used here. However, the transport resul ts 
from this data set will be presented with both surface layer and total transports , so 
that comparisons can be made with either definition. 
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Despite an inability to agree on what constitutes the Brazil Current, the last decade 
has seen a resurgence of interest in the Brazil Current, with several studies recently 
completed. These experiments have focused on two regions: 19 to 24° S, the 
nutrient rich fishing grounds off the coast of Brazil, and 38 to 42°8 , the 
Brazil-Falklands confluence region. Between the two regions are the Meteor (1925) 
section at 28° S, the IGY (1959) section across 32° S and the CATO {1972) section 
at 33° S. A table summarizing the results is given in chapter 3 (Table 3.1 ). It shows 
a fair amount of variation in transport estimates which are taken at the same 
latitude. These differences have four main sources: incomplete sampling of the 
current, the reference choice used for the velocity shear profiles, temporal variations 
in the data, and the definition of the Brazil Current. We have already discussed the 
problems involved in defining the Brazil Current. Little can be done about time 
dependent variations in the transport; obviously changes will occur, and those 
changes are part of the rich nature of the study of oceanography. The choice of a 
reference surface has been an ongoing debate ever since this method of transport 
calculation was developed. There may be good reason to question some of the 
choices made (and this is done in chapter 3), but there is a legitimate range of 
choices, and this will continue to be true until more direct velocity measurements 
are made. Incomplete sampling of the current is largely a result of its geographic lie. 
The current frequently runs over the shelf, and it is difficult to get measurements in 
shallow water where the current is very strong. For this reason, it is difficult to 
sample the inshore edge of the Brazil Current. In addition, much of the remainder 
of the current lies over a region with a strongly sloping bottom, making calculation 
of transport near the bottom difficult if the hydrographic stations are not close. 
The collection of the data used in this thesis is one attempt to alleviate many of 
these problems. Sampling of four cross sections of the Brazil Current was done 
inshore to a depth of 150 m (fig 1.3). In the slope region, station spacing averaged 
17 km, which enables better estimates of bottom transport. Farther offshore, station 
spacing averages 40 km. In addition to being a high resolution data set (measuring 
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pressure, temperature, salinity, oxygen, silicate, phosphate and nitrate), the region 
surveyed lies between the fishing grounds and the retroflection. The four Brazil 
Current crossings were nominally at 27, 31, 34, and 36° S. They were sequential in 
time, taken as one cruise, in the time period from November to December 1984. The 
cruise was part of the Thomas Washington Marathon Cruise, leg 9. The two 
northern sections extend offshore to the far side of the Vema Channel; the two 
southern sections extend about 1000 km offshore. The resulting data set is therefore 
appropriate for addressing some of the problems surrounding the mid-regions of the 
Brazil Current. 
The main focus of this thesis is the transport of the Brazil Current between 27 and 
36° S. To that end, the characteristics of the main water masses in the Brazil 
Current region are described in chapter 2. The water masses are traced through the 
four sections of data in an effort to deduce flow direction. The water mass analysis 
is used to choose zero velocity surfaces for the velocity sections (chapter 3) . From 
these, transport estimates for the Brazil Current are calculated for each section. 
Various alternate choices for the zero velocity surface (ZVS) are also explored. 
Because there is some arbitrariness to the choice of the ZVS, some further 
investigation is warranted. Several different approaches to this could be taken. One 
approach would be to do an inverse calculation using the data. This method involves 
setting limits on certain definable quantities, such as heat flux, salt, and mass 
balances, making a best first guess of what the ZVS should be, and then adjusting 
this first estimate so that the limits which have been set are satisfied . One could 
imagine doing an inverse calculation on the boxes formed by this data; however, this 
was not done for two reasons. First, Rintoul (1988), in his inverse of the South 
Atlantic found the conservation of salt constraint added little information to that 
contained in the mass conservation constraints, and second, the transports over the 
shelf (which are not measured) can be significant. Both of these would reduce the 
constraints on an already underconstrained system. Instead, a different approach 
has been taken. A simple, multilayer model has been constructed across the basin 
16 
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Figure 1.3: Location of the four transects of the Brazil Current taken on the Thomas 
Washington Marathon Cruise, Leg 9. 
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at one latitude to look at gross mass balances (chapter 4). Initial baroclinic 
transports are determined by the slope of various isotherms across the South 
Atlantic basin, which reflect the equatorward heat flux found in this ocean; these 
are balanced with computed barotropic transports and layer-to-layer exchange. It is 
essentially a constrained inverse, and allows one to explore a range of barotropic 
transports and the effect they have on the solution in the rest of the basin. The goal 
is not to find "the right" solution, but rather, to observe how different choices for 
the barotropic portion of the Brazil Current affect the solution across the basin. 
Finally, the data will be used to construct potential vorticity sections for the four 
transects (chapter 5) . The use of potential vorticity to construct theoretical models 
of western boundary currents leads one to try to calculate the actual potential 
vorticity profile. Away from regions of strong mixing or forcing, potential vorticity 
should be conserved following streamlines; this is assumed to be true in many 
models. Thus, it would be useful to try to calculate the potential vorticity, and to 
determine whether it is conserved downstream. Although calculating planetary 
potential vorticity from hydrographic data is simple, trying to obtain meaningful 
relative vorticity estimates is more difficult. The ability to do so, however, would 
greatly enhance the usefulness of hydrographic measurements in areas of high 
velocity. 
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Chapter 2 
Water Masses in the Brazil Current Region 
To compute velocity from hydrographic data, a reference velocity at some depth has 
to be determined. In the absence of other data, a choice can be made by tracing 
patterns in the water masses. Water mass characteristics often can be mapped from 
source regions throughout ocean basins, providing an indication of the "spread" of 
the water mass. In a very well sampled survey such maps would provide a three 
dimensional picture of the flow path of a water mass. In the four Brazil Current 
transects, the water masses are traced by following the changes in isolated extrema, 
i.e. they are extrema both vertically and horizontally; these are referred to as water 
mass "cores." The assumption made in this method is that the direction of flow of 
the water mass should be consistent with the information found tracing the cores 
I 
through the sections. This does not mean that mixing and diffusion of the water 
mass characteristics are not taking place - the erosion of the cores clearly indicates 
that they are. Rather, the underlying assumption is that the spread of a water mass 
is driven primarily by advection. 
The Brazil Current region has six major water masses in its system: Central Water 
(CW), Antarctic Intermediate Water (AAIW), Upper Circumpolar Water (UCPW), 
North Atlantic Deep Water (NADW), Lower Circumpolar Water (LCPW), and 
Antarctic Bottom Water (AABW). Extensive descriptions of the water masses can 
be found in Reid , Nowlin and Patzert (1977) and Reid(1989). Some of that 
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information is summarized here in order to develop a more basin-wide perspective. 
Each water mass is first described in terms of its source region and characteristics. 
A meridional transect is shown which shows some of the spread of the water masses. 
Then the four density sections from each Brazil Current transect are described to 
provide a structure for tracing the water masses. As the water masses are followed 
through the four sections, an indication of the flow is given which will be used in 
chapter 3 to calculate velocity. 
The water masses are described here primarily in terms of their signatures in fields 
of potential temperature (0), salinity, dissolved silica (silica), and dissolved oxygen 
(oxygen) concentrations. Other tracers (phosphate, nitrate, and in situ 
temperature) are available, but the information they contain is consistent with that 
in the tracers discussed here. Thus, to avoid too much repetition, I limit the 
discussion to four tracers and present the others in Appendix A. 
2.1 Water Mass Characteristics 
The water masses are characterized in this section by 0, salinity, oxygen and silica. 
Meridional sections of each, from Reid (1989) are shown (fig 2.1- 2.4) as well as 
some station plots of u 2-salinity and u2-oxygen (fig 2.5 and 2.6). The description 
proceeds from top (CW) to bottom (AABW) . 
From the surface down through the thermocline the slope of the uTsalinity curve is 
basically constant; this is the Central Water (CW). It is generally warm, salty 
water, although some low salinity shelf water is occasionally found . Nutrient 
concentrations are low because of biological activity. In the sections (fig 2.1 - 2.4) 
CW is most extreme at the surface in the north; its signal has generally disappeared 
by 40° S, as the water has gone east in the Brazil-Falklands Confluence. Antarctic 
Intermediate Water (AAIW), below CW, is low in salinity and high in oxygen and 
silica. It can be seen in the sections at about 1000 m at 32° S, and traced back to 
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Figure 2.1: Potential temperature (° C) section from Antarctica to Brazil , along 40° W 
in the Weddell Sea and northwestward to the coast at 32° S. From Reid (1989). 
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Figure 2.2: Salinity (psu) section from Antarctica to Brazil, along 40° W m the 
Weddell Sea and northwestward to the coast at 32° S. From Reid (1989). 
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Figure 2.3: Oxygen section from Antarctica to Brazil, along 40° W m the Weddell 
Sea and northwestward to the coast at 32° S. From Reid (1989). 
Figure 2.4: Silica section from Antarctica to Brazil, along 40° W in the Weddell Sea 
and northwestward to the coast at 32° S. From Reid (1989). 
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Figure 2.5: Salinity plotted as a function of sigma two for various stations from the 
Thomas Washington data set. 
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the south to about 50° S. The extrema can be seen in each property-property plot 
at u2near 36.2. Next in the water column comes Upper Circumpolar Water 
(UCPW), whose primary characteristic is low oxygen. In the oxygen section, fig 2.3, 
it can be seen at 1500 mat about 36° S as a 4.4 ml .e-1contour. This extends 
southward to the circumpolar region. It can also be seen as a high in the silica 
section. The u2-salinity plot shows stations with UCPW as slightly less salty than 
those with no U CPW; the uToxygen plot shows a clear low at 36.7 u2 . 
North Atlantic Deep Water (NADW), below UCPW, is high in salinity and oxygen, 
low in nutrients. NADW forms the "knee" seen in the u2-salinity plot. It "splits" 
the circumpolar water into two parts, as is seen in the u2-oxygen plot. This image of 
the circumpolar water being split is strengthened in the sections, where N ADW 
intrudes from the north at about 2500 m; the signal weakens to the south. Lower 
Circumpolar Water (LCPW) below is low in oxygen, similar to UCPW. The 
sections show UCPW extending farther north than LCPW, and circulation maps 
(Reid, 1989) show LCPW turning east. In the four Brazil Current transects, LCPW 
is not found in the northern two sections. Thus an offset can be seen in both 
property-property plots between the stations in the north and those in the south. 
The deepest water mass, Antarctic Bottom Water (AABW), is of southern origin. 
Its high oxygen and silica, and low salinity, can be seen in cores near the bottom of 
the sections. Clearly the topography prevents following the "spread" of the water 
mass through the section; it is moving perpendicular to this section where the cores 
are seen (see fig. 30 in Reid (1989)). 
To summarize, CW and NADW have their sources in the north ; AAIW, UPCW, 
LCPW and AABW all have southern sources. 
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2.2 The Density Structure of the Sections 
Before looking at the tracer sections, the general structure of each section should be 
established. Using sections of density, stations groups are associated with the Brazil 
Current, the recirculation or counterflow, the Vema Channel, etc. When tracers are 
discussed, if a core is said to be in or under the Brazil Current, it should be 
understood that it lies in those stations which have been identified as having Brazil 
Current shear in their surface layers. Brazil Current shear at the surface occurs 
when isopycnals are shallower in the west (on the left) than in the east; this may 
also be described as isopycnals sloping down. The stations considered to be part of 
the Brazil Current are marked in each section, as are those of the counterflow, or 
recirculation. The counterflow (flow going counter, or opposite the Brazil Current) 
is that region with surface shear of the opposite sense of that in the Brazil Current 
(i.e. isopycnals deeper in the west than in the east) just offshore from the Brazil 
Current. In later chapters the counterflow will be shown to be a recirculation cell 
for the Brazil Current. 
The locations of the four transects (nominally at 27 , 31, 34, and 36° S) are shown in 
fig 1.3. The density sections (fig 2. 7 - 2.10) are of stacked potential density anomaly 
(u): u referenced to zero decibars (u0 ) down to about 1000 m, u referenced to two 
thousand db (u2 ) down to 3000 m, and u referenced to four thousand db (u4 ) below. 
Stacked u allows the entire density field to be contoured without introducing the 
artificial density inversions that would result from a single u. In addition, the slope 
of the isopycnals reflects the local geostrophic shear. 
The Brazil Current at 27° S is shallow (fig 2. 7) . Brazil Current shear is found down 
to 1000 m (sta. 199-206), with an offshore counterflow (sta. 196-199) extending to 
750 m. Below the counterflow the sign of the shear reverses, as can be seen in the 
36.8 and 36.9 u 2 surfaces. Offshore, very little structure is found in the upper water 
column density. Between stations 190 to 196 the 36.9 to 37.0 u2 contours spread 
apart, with strong shear below. The deep stations, 184 to 190, are at the northern 
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edge of the Verna Channel and have deep shear. 
At 31° S the Brazil Current shear is deeper (fig 2.8). Stations 153 to 160 show 
Brazil Current shear down to the bottom, with an offshore counterflow ( sta. 
160-164) to 2500 rn. Below 2500 rn the sign of the shear reverses. Again, the upper 
waters offshore show very little structure, but strong horizontal density gradients 
are found deeper in the Verna Channel (sta. 172-178). Above the deep shear in the 
Channel the isopycnals change slope, at about the 37.0 u2 surface. 
The structure of the Brazil Current at 34° S (fig 2.9) differs markedly from the 
previous sections. In the upper thousand meters , Brazil Current shear and a 
counterflow are found (sta. 142-150 and sta. 139-142 respectively) . However, the 
baroclinic signature in the counterflow is stronger than that in the Brazil Current, 
i.e. if an 800 or 900 rn zero velocity reference were used for both the current and 
counter flow, the transport in the counterflow would be greater. Below 1000 rn , the 
shear under both regions has the same sign as that in the Brazil Current. Offshore 
of the current and counter flow, the isopleths slope down, top to bottom (sta. 
131-139). The net baroclinic shear across this section is large. 
The final section at 36° S has Brazil Current shear extending from the surface to the 
bottom (fig 2.10) . Inshore of the Brazil Current the slope of the isopycnals indicates 
northward flow (sta. 103-109); this is the Falkland Current intruding from the 
south. Off the shelf, the Brazil Current is in deep water, with coherent top to 
bottom shear (sta. 109-114). In the counterflow, above the 37.0 u2 contour, the 
isopycnals slope up quickly, flatten out, and then rise again (sta. 114-123), 
recovering the full shear of the Brazil Current. Below the 37.0 contour the 
isopycnals continue to slope down a few more stations before rising; they do not 
recover fully. Beyond station 123 the shear reverses again, coherent from top to 
bottom, with the net baroclinic shear across the section large. Apparently the 
section crosses the Brazil Current as it begins its meandering to the east. 
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pressures at 27° S. From the Thomas Washington Marathon Cruise, Leg 9. 
28 
1000 
2000 
2:: 3000 
Q... 
4-J 
(::) 
4000 
5000 
6000 
BC RC 
I 
152 160 170 180 
Figure 2.8: Section of potential density anomaly (kg m-3 ) with several reference 
pressures at 31 o S. From the Thomas Washington Marathon Cruise, Leg 9. 
29 
BC RC 
150 140 131 
Figure 2.9: Section of potential density anomaly (kg m-3 ) with several reference 
pressures at 34° S. From the Thomas Washington Marathon Cruise, Leg 9. 
30 
BC RC 
103 120 131 
1000 
2000 
4000 
.,-- .......... 
------------
5000 
6000 
Figure 2.10: Section of potential density anomaly (kg m-3 ) with several reference 
pressures at 36° S. From the Thomas Washington Marathon Cruise, Leg 9. 
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2.3 The Water Masses 
This section traces the six water masses through each of the four transects, moving 
from north to south. Each water mass is identified with a particular density range; 
this is for convenience - it is not meant to imply that all the water within a given 
density range is all from a single source. The characteristics being followed are 
described in section 2.1. Contoured sections of the tracers are used to follow the 
water masses through the transects. Figures 2.3 to 2.14 (a. 0, b . salinity, c. 
oxygen, and d. silica) are the sections from the transects at 27, 31 , 34, and 36° S, 
respectively. Contoured sections of temperature, phosphate, and nitrate are in 
Appendix A; the density sections are presented in figures 2.7 to 2.10. The water 
masses are traced through the transects in order to establish the flow direction of 
each water mass and to ascertain where, in each transect, that direction is well or ill 
defined. The direction of flow is determined by following the erosion of the water 
mass characteristics through the sections. The results will be used in chapter 3 to 
determine zero velocity surfaces for each transect. 
2.3.1 Central Water 
The changes in CW (the surface down to 27.1 a0 ) clearly show the characteristics of 
the northern origin water eroding away as we move downstream. The warm salty 
surface water found at 27° S (fig 2.3) remains about the same temperature at 31 o S 
(fig 2.12), 20 C, but the 36.5 psu salinity contour shrinks to a surface core in the 
Brazil Current. At 34° S (fig 2.13) the 36.5 psu salinity contour disappears, and the 
36.0 psu contour is a core in the Brazil Current and recirculat ion. The 20°C 
temperature contour is similarly reduced. Finally at 36° S (fig 2.14) the 36.0 psu 
core shrinks further, and the 20 C temperature core is a small blip in the section. 
This pattern, both of the most extreme northern origin water being found in the 
current and of the slow erosion of northern characteristics in the t racers, indicates 
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surface water moving south, which is consistent with the Brazil Current flowing 
south. 
2.3.2 Antarctic Intermediate Water 
AAIW (found in the density range of 27.1 to 27.3 o-0 ) is cold, fresh, and rich in 
oxygen. It can be seen at 27° S (fig 2.3)in cores of 34.3 psu in the sal.inity minimum 
layer (about 900 m), a small core right against the topography and a second larger 
one farther offshore. Similar cores of oxygen above 5.2 mll-1are also found. At 
31 o S the 34.3 psu contour is almost continuous, with a larger core in line with the 
Brazil Current; it necks down, then enlarges offshore. The oxygen 5.2 ml e-1contour 
is still broken, but a 5.4 ml e-1contour emerges, again with a core under the Brazil 
Current and one offshore. At 34 ° S the 34.3 psu isohaline forms a wide band across 
the section, within which are pockets of 34.25 psu. Two pockets are found under the 
Brazil Current; two more are offshore. The oxygen shows a slightly different picture, 
with the inshore edge pinched off (although it now has a high of 5.8 ml e-1 ) and the 
offshore showing the usual core, here reaching a value as high as 6.0 ml e-1 • Finally 
the last section has the most extreme AAIW, with the 34.25 psu contour almost 
continuous across the section. Inshore, the oxygen concentration reaches values as 
high as 6.6 m/l-1under the Falklands Current and the inshore edge of the Brazil 
Current (sta. 105-109). Recall from the density section (fig 2.10) that that the 
Falklands water is going north. The 6.6 ml e-1 contour at the inshore edge of the 
Brazil Current is an indication of the Falklands water returning with the Brazil 
Current. 
The path of AAIW through the subtropical South Atlantic has been a subject of 
controversy. Wust (1935) originally suggested that the water flows north under the 
Brazil Current, forming a subantarctic intermediate current. Others (Mirhanda and 
Filho (1981), Evans and Signorini (1985), Evans and Mascarenhas (unpublished)) 
have supported this idea. There is evidence for this in the small core of AAIW that 
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appears under the Brazil Current in all the sections except 34° S. However, when 
the Falklands and Brazil Currents meet, most of the AAIW appears to flow east 
with the confluence; also, the bowl of the subtropical gyre in dynamic topography 
maps reaches down to the AAIW. These features led Reid et al. (1977) and others 
(Gordon and Greengrove 1986, Buscaglia, 1971) to argue that the water flows east 
with the Brazil-Falklands confluence, enters the subtropical gyre, and comes south 
with the Brazil Current. The problem with this argument is that under the Brazil 
Current, the tracers associated with AAIW are clearly more extreme in the south 
than in the north, which suggests a flow direction from the source in the south 
towards the north. Another possibility is that AAIW flows north in the counterflow 
and comes back south with the current. However , the cores of AAIW under the 
current should then be slightly less fresh than those offshore in the counterflow, and 
this is not the case. Neither of these schemes accounts for the AAIW characteristics 
under the current. 
As will be seen in the transport chapter, the majority of AAIW in the Brazil 
Current does flow southward. The following scenario, which is consistent with the 
data, has AAIW taking three pathways north, while still flowing south under most 
of the Brazil Current. Most AAIW goes east and enters the subtropical gyre. In 
addition, a small core of AAIW moves north in Wust's intermediate boundary 
current right against the topography, and some AAIW moves north with the 
recirculation. The last two form the extrema seen in the low salinity layer. 
2.3.3 Upper Circumpolar Water 
The picture which emerges from UCPW in the sections can be confusing. UCPW 
(density range 27.3 o-0 to 36.7 o-2 ), of course, originates in the south, and some of the 
water appears to flow north with the counterflow. However, an extreme signal 
appears on the eastern side of the sections. Looking at maps of geopotential 
anomaly (Reid, 1989), one finds UCPW flowing east with the confluence, then 
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coming back west; thus, an extreme signal in the eastern part of the transects is not 
surpnsmg. 
UCPW is low in oxygen, and slightly higher in nutrients than the surrounding water 
of the same density. 27° S shows UCPW near 1200 m depth as an oxygen minimum 
band of 4.6 mll-1 and silica maxima cores at 50 J.Lmole £-1 • The most extreme 
signal lies in the eastern part of the section. At 31 o S there is still a band of 
4.6 ml£-1in oxygen; the silica section has a small core under the Brazil Current, 
one in the recirculation, and then a stronger band reaching higher than 
55 J.Lmole £-1on the eastern edge. The next section south shows the 
4.6 ml£-1oxygen contour pinched off under the Brazil Current. Offshore it widens, 
and a small band of 4.4 ml£-1emerges. Silica also pinches off under the current , 
and reappears in the counterflow with a core of 55 J.Lmole £-1 . The 
55 J.Lmole (-1 maximum is broken, then reestablished offshore, where it widens. At 
the eastern edge of the section lies a single bottle above 60 J.Lmole £-1 . At 36° S a 
4.4 ml£-1oxygen minimum is under the Falklands Current and the inshore edge of 
the Brazil Current; farther offshore are two more cores. Small patches of 
60 J.Lmole £-1silica. water are across the section, lining up with the changes in shear. 
Connecting the cores in the counter current through the two northern sections is 
questionable, as each is based on a single bottle value without a clear signal in 
oxygen. The connection between the two southern sections is better; the high silica 
value at 34° S is reinforced by a necking down in the oxygen (fig 2.9) suggesting a 
connection to the counterflow to the south. 
2.3.4 North Atlantic Deep Water 
NADW (with the density range of 36.7 a 2 to 45.85 a 4 ) splits the circumpolar water 
in two. It is relatively warm, causing a temperature inversion, low in nutrients , high 
in salinity and high in oxygen relative to the circumpolar waters. In the northern 
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section, there is a 34.94 psu core in salinity; it is widest where the bottom begins to 
deepen into the Vema Channel. Oxygen has a wide band of 5.8 ml e-1 across the 
section, with a small core of 5.9 ml e-1 . The silica section has a minimum core of 
25 J.Lmole e-1on the western side of the section, widening again as the bottom 
deepens. At 31 o S the salinity 34.94 psu core shrinks and moves away from the 
bottom, where there is a strong vertical shear (fig 2.5). Oxygen still shows a wide 
band of 5.8 ml e-1across the section and a core of 5.9 ml e-I, but silica has a 
reduced core of 25 J.Lmole £-1 , wider under the recirculation than under the Brazil 
Current. The 34° S section shows the salinity core clearly separated from the 
topography, and lined up under the recirculation. A second core of 34.92 psu, 
offshore, aligns with variations in the shear field, which appears to be the Brazil 
Current meandering back through the section. The 5.8 ml e- 1oxygen is now a core 
against the western edge, still with a small maximum of 5.9 ml e-1 , and the silica 
25 J.Lmole e-1 core reduces to three bottles on the western edge. Both oxygen and 
silica also show secondary cores in the Brazil Current meander. At the last section 
the 34.94 psu core shrinks to an isolated bubble right in the bowl of the current and 
recirculation. The maximum core of oxygen, reduced to a level of 5.6 ml e-1, lies 
under the Brazil Current and recirculation; the 5.6 ml e-1 contour reappears offshore 
where the shear indicates meandering. Finally, the 25 J.Lmole e-1silica core is a single 
bottle in the bowl, with the 30 J.Lmole e-1contour primarily under the Brazil Current. 
The southward flow of the core of NADW in the southern two section seems fairly 
clear; the cores are well defined, and the signature of the NADW is reduced from the 
northern two sections. The general trend of NADW flow in the northern sections is 
southward, but the absence of definitive cores in specific locations makes it difficult 
to determine where the flow might be northward. The silica and salinity sections 
give some indication, and information may be obtained from the other water masses. 
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2.3.5 Lower Circumpolar Water 
LCPW ( 45.85 - 46.05 0'4 ), distinguished by its low oxygen, is only found in the 
southern two sections (water in this density range at the two northern sections does 
not have the low oxygen characteristics). The meridional section shown at the 
beginning of this chapter (fig 2.1) confirms that it does not extend farther north; 
maps of the entire basin show it flowing east (Reid, 1989). It is found in the two 
southern sections as a minimum core of 5.0 ml e-1water, about 3500 m deep, 
concentrated on the eastern part of the section at 34° S, and across the entire 
section at 36° S. Both sections have a small bubble of 4.8 ml R-1oxygen , which may 
be useful in confirming flow directions. 
The water in the northern sections at this temperature range still has the low 
salinity and high nutrient characteristics of southern water, but it lacks the oxygen 
minimum signature of LCPW. Reid (1989) suggests this is the influence of vertical 
mixing in the water column. Interestingly, the thickness of the water column 
changes between the northern and southern sections (compare the separation of 37.0 
0"2and 45.9 0"4 contours in fig 2.7 - 2.10) . 
2.3.6 Antarctic Bottom Water 
At the bottom of the water column is AABW (0'4 o.f 46.05 to bottom). It is cold, 
fresh and high in oxygen and nutrients. The high in oxygen is clearest in the 
southern two sections, clearly distinguishable from LCPW. In the northern sections 
the oxygen decays steadily from the N ADW value to the AABW value. 
At 27° S AABW lies along the bottom of the section, characterized by the 34.7 psu 
salinity, 5.2 ml e-1oxygen, and high silica of 125 J.Lmole e-1 • The 31° s section shows 
the 34.7 psu salinity contour only in the Vema Channel, but the 5.2 ml £- 1oxygen 
contour extends out past the Channel. The silica maximum, 125 J.Lmole f - 1 , is in the 
Channel. The next section south has a band of 34.7 psu water across the bottom of 
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the section. The 5.2 ml e-1contour splits into two cores, one against the western 
edge, the other farther offshore. The 125 Jjmole £-1silica contour now extends across 
the bottom; two cores of 130 Jjmole e-t are on the western side of the section. At 
36° S the salinity still shows a wide band of 34.7 psu across the bottom. The oxygen 
core of 5.2 ml e-1increases, and is slightly larger on the eastern part of the section. 
Silica has only a small bubble of 130 Jjmole e-1 . 
Based on the pattern of core strengths, AABW flows through the sections from 
south to north, but the path it takes to the Vema is unclear. It has been assumed to 
be a deep western boundary current, as seen in the southern sections, but there may 
be another interior path that water takes to get to the Channel. The southern 
sections do not extend far enough into the basin to determine this. 
The water flow patterns suggested by each water mass can be summarized as follows: 
•CW is most extreme in the north, with the tracer characteristics eroding away as 
the water flows south with the Brazil Current. 
•Cores of AAIW are most extreme under the Brazil Current and counterflow, and 
erode to the north. They are suggestive of northward flowing water, perhaps in an 
older layer of AAIW coming south with the subtropical gyre. 
•UCPW has cores under both the Falklands Current and the recirculation, which 
suggest northward flow, and the characteristics erode away to the north . The 
sections are dominated, however, by cores on the eastern edges, and the eastern 
influence complicates a determination of flow direction. 
•NADW is most extreme in the north, with its signatures in salinity, oxygen and 
silica decaying to small cores in the south. The overall trends indicate flow from 
north to south. 
•LCPW is only found in the southern two sections; the cores at 34° S are less 
extreme than those at 36° S, indicating northward flow . 
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eAABW cores erode from south to north, with the two northern sections showing 
AABW only in the Vema Channel. The indication of northward flowing water is 
fairly clear. 
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Chapter 3 
Transport of the Brazil Current 
Although estimates of the strength of the Brazil Current have existed for many 
years, the last decade has seen a resurgence of interest in the Brazil Current with 
several new studies completed. The recent experiments have clustered in two 
regions: 19 to 24° S, the nutrient rich fishing grounds off the coast of Brazil, and 
south of 37° S, the Brazil-Falklands confluence. A table summarizing the results 
shows the variation in transport estimates (table 3.1). Latitudinal variations are 
expected and found, but the variation at any single latitude is significant. The 
variations, as discussed in the introduction, result from different references for the 
velocity profiles, the definition of the Brazil Current and real temporal variations. 
Whether the Brazil Current is only a surface current or is all the southward flow, is 
discussed in the introduction. The second definition is favored here, but results are 
presented so that changes in the surface current can be observed separately from 
what happens below. The focus in this chapter is the reference choice for the 
velocity profiles. 
The reasons given for the velocity references in table 3.1 are various. Some choose a 
zero velocity surface (ZVS) between the SW and AAIW surfaces so that AAIW 
flows north (Signorini, 1978; 23° S of Stramma, 1989). Stramma also uses Defant's 
level of no motion at 33° S. Defant chose a ZVS at the shallowest depth without 
shear (in or below the thermocline); the resulting ZVS is generally deeper than that 
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found using AAIW. Miranda and Filho (1981) use the layer of minimum oxygen 
concentration. One paper gives no reason for the choice of ZVS, although the value 
used follows the historical idea of a shallow current (Evans, Signorini, and Miranda, 
1983). Two of the sections at 38° S, where one might expect the largest growth of 
the Brazil Current, are analyzed with a ZVS chosen primarily for convenience. 
Gordon and Greengrove (1986) give the following explanation of their choice (italics 
mine): 
" The 1400 m reference level allows higher horizontal resolution as it 
employs the full set of hydrographic data (only 40 percent of the stations 
reach beyond this depth to the sea floor). The sea surface dynamic 
height calculated reative to 1400 m represents on average 63 percent of 
the sea suface dynamic height relative to the deep reference level at 3000 
m. Thus the 0/1400 m map serves as a useful representation of the 
overall thermocline geostrophic flow." 
The Brazil Current is being sampled as if it is only at the surface, even though this 
results in a loss of 37 percent of the signal. Peterson (1990) uses the same data set 
with a deeper ZVS determined by water mass information to obtain a significantly 
higher Brazil Current transport. Garzoli and Garraffo (1989) use 800 m as a ZVS at 
38° S, and report that the results represents seventy-five percent of the transport 
reported by Gordon and Greengrove, and so captures most of the Brazil Current. 
Thus, Garzoli and Garraffo capture a little less than half the signal relative to 3000 
m. This is particularly distressing since Roden (1986) reports Brazil Current 
signatures down to 4000 m in the confluence region just east of these studies. 
Peterson's new analysis of the data suggests that deep signatures are also found at 
38° S. Finally, the two PEGASUS results use absolute velocities. The PEGASUS 
transports reported at 31 o S are rough because of a number of problems with that 
survey: the transport estimate comes from only one realization of the current; there 
is still southward flow at the bottom of one of the PEGASUS drops (at 800 m) , and 
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the survey does not resolve the outside edge of the stream. 
Lat. Zero Transport Source 
(oS) Reference (x106m3s-1 ) 
19 26.8 uo 6.5 Miranda and Filho (1981) 
20.5 500 m 3.8 Evans, Signorini and Miranda (1983) 
20.5 1000 m 6.8 Evans, Signorini and Miranda (1983) 
23 PEGASUS 11.0 Evans and Signorini (1985) 
23 600 m 10.2 Stramma (1989) 
24 500 m 4.1 Evans, Signorini and Miranda (1983) 
24 600 m 9.4 Signorini (1978) 
24 1000 m 7.8 Evans, Signorini and Miranda (1983) 
31 800 m 11.2 Evans and Mascarenhas (unpublished) 
31 PEGASUS 17.0 Evans and Mascarenhas (unpublished) 
33 1600 m 17.5 Stramma (1989)1 
38 1400 m 19.0 Gordon and Greengrove (1986) 
38 "'3000 m 70.0 Peterson (1990) 
38 800 m 8.5 Garzoli and Garraffo (1989) 
38 IES2 11.0 Garzoli and Garraffo (1989) 
Table 3.1: Historical Brazil Current Transports 
Several points emerge from this survey of recent experiments in the Brazil Current. 
First, few transport estimates exist for the region examined here, 27 to 36° S. 
Second, when transports are computed for the region, the appropriate ZVS needs to 
be chosen carefully. The only physically based ZVS for geostrophic transports in the 
previous list are Peterson's 38° S estimate and those using the AAIW argument (as 
was pointed out in chapter two the argument has been questioned). Finally, 
comparisons between various transport estimates at different locations must be 
1data from the 1972 CATO expedition 
2 Inverted echo sounder 
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made with attention to what quantity is being measured; understanding of the 
Brazil Current system will not be furthered with murky definitions. 
3.1 Transport Calculations 
The transports presented in this section are calculated using the geostrophic 
method. Appendix B provides the details of the calculation, which is fairly 
straightforward. However, the complexity of the interwoven water masses of 
northern and southern origin brings zest to the job of choosing an appropriate ZVS. 
In general, the reference can be any velocity at a given depth. In practice, the 
reference chosen here is usually zero velocity for a specific density isopleth. If a 
velocity other than zero is inferred it will be indicated. 
Choosing a ZVS for the shear profiles consists of several steps. As was described in 
chapter 2, the method used here centers on the extrema in water mass 
characteristics. These two way extrema- isolated blobs defining the core of a water 
mass- are required to move in the expected direction of the water mass. The 
expected direction is determined by the erosion of water mass characteristics away 
from its source. A single core will constrain the ZVS to fall between two surfaces; a 
second core in the water column further constrains the choice. Changes in the 0-S 
and 0-02 curves help to define the limits of a water mass and focus the ZVS choice. 
In some cases no well defined extremum exists in the water column. If other data 
exist (e.g. moored current meter records) , they may be used to set the ZYS , 
although the records need to be examined to see if they exhibit a high degree of 
variability. In places where a reference choice is ill-defined, the ZVS from the 
surrounding stations is used. Finally, transports of the water masses are balanced 
and reference velocities are adjusted to conserve mass in closed boxes. 
This method is more clearly applicable in some parts of the transects than others. 
Each transect of the Brazil Current has several extrema which constrain the ZVS 
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choice. Offshore from the current extrema are less frequent and, because of possible 
eastern sources, their implied flow direction sometimes ill-defined. Where 
well-defined extrema do exist they determine the ZVS. In the Vema Channel current 
meter measurements are used to help set the ZVS. As stated before, in the absence 
of clear information the ZVS is not changed from the surrounding stations, unless 
such a change is required to conserve mass. Closed boxes are formed by the two 
northern sections and the two southern sections. In the northern box, transport is 
not estimated across the gap connecting the two sections (sta. 180-184). Mass 
balances are computed for several water mass layers. The lowest layer, which is 
closed by the sections and topography, balances within 1 Sv; the others balance 
within 4 Sv. In the southern box, mass balances in each layer to within 3 Sv, with 
overall mass balance within 4 Sv. The imbalances may reflect errors in the ZVS 
choice, incorrectly estimated bottom triangle transports or flow occurring inshore of 
the shallowest stations. Note that the last two items in that list are not necessarily 
small. The current flows over the continental slope, so transports in the bottom 
triangles may be significant, and large estimates of shallow water transport exist. 
The accuracy of the above approach depends on several points: an ability to 
pinpoint the core of the water mass; the knowledge of the direction a particular 
water mass should flow, and the validity of the assumption that the water in a core 
should flow in consonance with the water mass characteristics. 
3.2 Reference Choices for each Section 
This section describes the specifics of applying this method to the four Brazil 
Current transects. The analysis of the water masses and their expected flow 
direction is presented earlier (chapter 2). Each transect will be discussed separately 
and a ZVS choice made for that transect. The effect of altering that choice is then 
explored in section 3.3. To simplify the presentation of the results, transport values 
are presented in four layers, with the UCPW combined with AAIW and LCPW 
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combined with AABW. This is done for two reasons: first, the oxygen minimum of 
LCPW is only found in the two southern sections, and so is not easily distinguished 
from AABW in the two northern sections, and second, both Reid (1989) and 
Rintoul (1988) suggest that the flow patterns for AAIW and UCPW are the same, 
as are those of LCPW and AABW. The four new density layers are these: CW, 
extending from the surface down to 27.1 u0 (36.2 u2); second are AAIW and UCPW , 
from 36.2 u2 to 36.7 u2 ; next is NADW, from 36.7 u2 to 37.05 u2 ; and finally, 
LCPW and AABW, from 37.05 u2 to the bottom. 
3.2.1 Section I. 27° S 
At 27° S, there are two water mass cores in the Brazil Current stations (sta. 
199-206), CW, flowing south, and AAIW (sta. 200-202), flowing north. The shear 
reverses sign at the AAIW core (fig 2.7). A ZVS only slightly above the AAIW core 
sends it north at 10 em s-I, with Brazil Current surface velocities as high as 50 
em s-1to the south. A shallower ZVS results in AAIW velocities of 30 
em s-1northward (unrealistically large), with equally high bottom velocities. A 
deeper ZVS sends the AAIW core south, conflicting with the core information. 
Thus use of the 27.2 u0 surface as a ZVS is consistent with both water mass cores; it 
also agrees fairly well with the historical idea of a shallower Brazil Current to the 
north. Offshore, in the counterflow stations (sta. 197-199), a second core of fresh 
AAIW goes north, with southward flowing NADW below. Extending the ZVS of 
27.2 u0 through this region is consistent with both these constraints. Farther 
offshore the most extreme NADW is found (sta. 193-194). For this water to go 
south the ZVS has to be deeper. Somewhat farther offshore (sta. 191) AABW is 
found, which flows north. A ZVS between NADW and AABW- 45.85 u4 - satisfies 
both requirements and is consistent with the Hogg et al. (1982) measurements of a 
ZVS at 3500 min the Vema Channel (about 300 km to the south). Those stations 
too shallow to reach the 45.85 u4 contour have bottom velocities set (maximum of 1 
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em s-1) to aid in balancing mass. 
The final ZVS choices for this section are the 27.2 u0 surface through the Brazil 
Current and counterflow; the 45.85 u4 surface the rest of the way. The resulting 
velocity section (fig 3.1) has the Brazil Current flowing south with a small (less than 
one sverdrup) northward intermediate current below. The counterflow to the east is 
limited to the upper layer; velocities in the rest of the section are low except in the 
Vema Channel. The resulting transports, divided into the layers and regions 
described, are presented in table 3.2. 
layer location 
transport (Sv) BC RC Int. vc Net 
cw -11.7 4.2 -3.7 4.6 -6.6 
AAIW/UCPW 0.5 -0.5 -2.1 -.6 -2.7 
NADW -0.2 0.2 -7.2 -2.5 -9.9 
LCPW/AABW 0.0 0.0 -0.7 4.1 3.4 
Table 3.2: Transports across the section at 27° S. The columns are the 
transports in each layer in the Brazil Current (BC), the recirculation 
(RC), the Interior (Int.) and the Vema Channel (VC). 
3.2.2 Section II. 31 o S 
Like the section to the north, the stations in the Brazil Current (sta. 153-160) have 
cores of both CW and AAIW. The shear reversal at the AAIW core (sta. 156-157) 
is weaker (fig 2.8), so a shallower ZVS is necessary to send it north. A core of 
NADW is found offshore of the AAIW core, still in the Brazil Current stations and 
extending into the counterflow. Inshore of the NADW a shallow ZVS of 27.1 u0 
sends the AAIW north at about 10 em s-1 , and the CW south with a maximum 
velocity of 70 em s-1 • The velocity of the AAIW is lower than PEGASUS data in 
the area (30 em s-1from Evans and Mascarenhas, unpublished), but still reasonable 
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Figure 3.1: Velocity (em s-1 ) section for 27° S, stippling indicates northward flow . 
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since the PEGASUS data are instantaneous. A deep ZVS is needed to send the 
NADW core south, so the ZVS is dropped at station 159. The NADW core is 
slightly more extreme under the counterflow (sta. 162-163); below it, AABW is 
found, which should flow north. A deep ZVS consistent with both is 45.85 a4 • 
Farther offshore the strongest signal driving the reference choice is northward 
flowing AABW. The same ZVS still sends AABW north, so it is left unchanged. 
This ZVS is again consistent with the Hogg et al. {1982) current meter values in the 
Vema Channel, at approximately the same location. 
The final ZVS choices for this section are the 27.1 a0 surface through most of the 
Brazil Current and the 45.85 a4 surface for the rest of the transect. The resulting 
velocity section (fig 3.2) shows the southward flowing Brazil Current with a stronger 
intermediate current (about 2.5 Sv) below. The counterflow is deeper and faster 
than that at 27° S. NADW below the counterflow reaches speeds of 5 em s-1 • Large 
velocities are found at the top and bottom of the Vema Channel, both northward. 
The resulting transports are presented in table 3.3. The net imbalance between this 
section and the previous requires westward flow in all layers at the eastern edge of 
the box. This is obtained if the ZVS is between 35.6 - 36.5 a2 • 
layer location 
transport (Sv) BC RC Int. vc Net 
cw -20.3 11.4 -6.8 3.0 -12.7 
AAIW/UCPW -2.5 1.5 -2.2 2.7 -0.5 
NADW -1.9 -5.6 -1.9 5.1 -4.3 
LCPW/AABW 0.0 0.0 0.2 4.1 4.3 
Table 3.3: Transports across the section at 31° S. The columns are the 
transports in each layer in the Brazil Current, the recirculation, the 
Interior and the Vema Channel. 
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Figure 3.2: Velocity (em s-1 ) section for 31 o S, stippling indicates northward flow. 
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3.2.3 Section III. 34° S 
As was discussed in chapter two, the Brazil Current shear profile at 34° S is unusual 
(fig 2.9). It lacks the coherent vertical structure that exists both to the north and to 
the south. The result is a wobbly shear profile, making the reference choice more 
difficult. In addition, the baroclinic shear of the Brazil Current is weaker, with 
much of the shear occurring near the bottom (Note, for example, the western edge 
of 26.9 and 27.2 uoand 36.7 u2). 
The descriptive picture given at this section is of a Brazil Current with its inshore 
edge pinched off (section 2.2). The main core in the Brazil Current (sta. 142-150) is 
CW, with no AAIW core below; in fact, a high salinity core is found instead 
(fig 2.13). NADW is found on the offshore edge of the current. If the Brazil Current 
is to transport as much water as it did at 31 o S, the ZVS must be deep; it is set at 
the bottom here to capture all of the baroclinic shear. The maximum surface 
velocity is then still low, 55 em s-I, but the section may be oblique to the current; 
the transports are the critical numbers. This ZVS choice is actually conservative, 
because the N ADW core under the stream is in an area of reversed shear. The 
result is that some NADW flows north (although the net is still southward); the 
northward flowing NADW can only be reversed by applying a southward bottom 
velocity (about 5 em s-1 ) and increasing the size of the Brazil Current, which has 
not been done. The counterflow (sta.139-142) has cores of AAIW and NADW, 
which constrain the flow direction at those depths quite precisely, but the 
complicated shear profile makes it difficult to choose a single ZVS (e.g. a density 
isopleth) across the whole region. Instead the core constraints are met by setting 
the bottom reference velocity for each station pair. Offshore ( sta. 131-139) , LCPW 
flows north, along with AABW. This requires a ZVS above the LCPW core. The 
vertical shear throughout this region is monotonic top to bottom, but the sense of 
the shear changes across the section. 
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layer location 
transport (Sv) BC RC Int. Net 
cw -24.2 13.2 -15.7 -26.7 
AAIW/ UCPW -9.0 1.6 -5.8 -13.2 
NADW -4.6 -2.4 -3.0 -10.0 
LCPW/ AABW 0.0 1.3 3.7 5.0 
Table 3.4: Transports across the section at 34° S. The columns are the 
transports in each layer in the Brazil Current, the recirculation, and the 
Interior. 
This fluctuation is assumed to be a result of the edge of the Brazil Current 
meandering back through the section, so the ZVS is placed between LCPW and 
NADW, at 45.85 u4 • The resulting velocity section (fig 3.3) shows the southward 
flowing Brazil Current reaching to the bottom. High velocities reach as far inshore 
as was sampled, leaving the impression that the current continued onto the shelf. 
The recirculation is not as deep as it was at the previous section, although it is 
stronger in the top two layers. Beneath the counterflow is southward NADW. 
Farther offshore the flow changes direction several times, suggesting a meander 
through the section. The resulting transports are presented in table 3.4. Comparing 
these to the previous section one finds that an inflow of the top three layers, and an 
outflow of AABW, would be needed to balance mass. This sense of flow can be 
acheived between the eastern ends of the two sections with a ZVS near 37.0 u2 . An 
actual calculation is difficult because of the difference in depth between the two 
eastern edges. 
3.2.4 Section IV. 36° S 
The shear at 36° S is the most coherent, with most station pairs having monotonic 
shear top to bottom (fig 2.10). The northward flowing Falklands Current lies 
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Figure 3.3: Velocity (em s- 1 ) section for 34° S, stippling indicates northward flow. 
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inshore of the Brazil Current (sta. 103-109). Since this water is clearly of southern 
origin, the ZVS is set at the bottom, sending the current north. The Brazil Current 
(sta. 109-114) is in deeper water with monotonic shear, top to bottom. Both the 
CW and NADW go south, requiring a ZVS below the NADW core. The LCPW 
below flows north, so the ZVS is placed between them, at 45.8 £T4 • This choice 
results in a near-surface maximum southward velocity of 100 em s-1 , larger than 
that found at the other sections (Gordon and Greengrove, 1986, found a maximum 
at 38° S of 70 em s-1 with a ZVS of 1400 m). The counterflow (sta. 114-116) has a 
deep shear reversal (between 45.8 and 46.0 0"4 ); choosing the ZVS reference near the 
reversal ( 45.8 O" 4 ) sends most of the water column north. Farther offshore the flow 
meanders back and forth. Again, this is treated as the meandering Brazil Current 
and a deep ZVS ( 45.85 £T4 ) sends the most extreme cores of AABW to the north. 
The ZVS at 36° S is the 45.8 0"4 surface through the Brazil Current and counterflow 
and the 45.85 0"4 surface for the rest of the transect. The velocity section (fig 3.4) 
has a strong deep Brazil Current extending down to include the southward N ADW , 
and riding over northward LCPW. A strong recirculation flows north. Current 
meanders are found to the east, seen in the relatively high ( 40 em s-1 ) velocities . 
The transports are presented in table 3.5. Comparing these transports to those at 
34° S one finds no more than 1 Sv difference in any one layer. 
layer location 
transport (Sv) FC BC RC Int. Net 
cw 3.4 -51.4 25.8 -3.5 -25.7 
AAIW/UCPW 1.5 -18.5 5.7 -1.1 -12.4 
NADW -0.2 -10.1 1.6 -0.4 -9.1 
LCPW/AABW 0.0 2.1 3.7 0.1 5.9 
Table 3.5:Transports across the section at 36° S. The columns are the 
transports in each layer in the Falklands Current, the Brazil Current, the 
recirculation, and the Interior. 
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Figure 3.4: Velocity (em s- 1 ) section for 36° S, stippling indicates northward flow. 
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3.3 Resulting Flow Patterns 
The estimates of Brazil Current transports for each transect are presented in table 
3.6. Regardless of how one defines the Brazil Current, significant growth occurs 
downstream. In his world ocean driven by a Sverdrup interior, Godfrey (1989) 
calculated the Brazil Current at 25° S to be 20 Sv, at 36° S to be 32 Sv and at 38° S, 
110 Sv. The sudden jump in the calculated Brazil Current comes from the edge of 
South Africa being reached; the Brazil Current then closes the circulation for both 
the South Atlantic and Indian Oceans. The jump found in these sections at 36° S is 
not quite as extreme. In the surface layer, transport grows between 27 and 36° S at 
an average rate of about 20 percent per 100 km, although the growth at 34° S is low 
compared to the others. The rate is higher than the 5 percent growth reported by 
Gordon and Greengrove (1986); it is also higher than the 6 percent growth found in 
the Gulf Stream (Knauss, 1969). A fair portion of this growth comes from the 
counterflow immediately offshore from the Brazil Current. This recirculation forms 
a much tighter recirculation bowl than that found in either the Gulf Stream or the 
Kuroshio. It starts at 4 Sv at 27° S and reaches a maximum of 26 Sv at 36° S. 
layer location 
transport (Sv) 27 31 34 36 
cw -11.7 -20.3 -24.2 -51.4 
AAIW/UCPW - -2.5 -9.0 -1 8.5 
NADW - -1.9 -4.6 -10.1 
LCPW/AABW - - - -
II Net I-1L71-24.71-37.81 -8o.o II 
Table 3.6:Transport of the Brazil Current across each section. 
If instead the net southward transport is used to define the Brazil Current, the 
growth is from 11.7 to 80 Sv. Below the surface layer, the AAIW and UCPW layer 
changes from heading slightly north to strongly south; the inshore (northward) 
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AAIW current is too small to dominate the total transport. The recirculation in 
this layer is weaker, although strongest to the south. Increases in the layer in the 
Brazil Current at 34° S are too large to be accounted for by just the recirculation ; 
additional water must be brought in from the east. This picture is consistent with 
that found in Reid (1989, his fig. 19). Below, NADW flows south in all the 
transects. Its net transport under the Brazil Current increases greatly, primarily a 
result of the NADW shear aligning with the current as it moves from north to south. 
The only section with any NADW recirculating is 36° S, the farthest to the south. 
The general pattern of the Brazil Current is similar to other western boundary 
currents. The Brazil Current grows rapidly as it moves south. Its shear signature 
deepens, and more water is drawn in via a recirculation cell on the offshore side of 
the current. The recirculation is poleward intensified, growing stronger and deeper 
in the south. In addition, some water enters the Brazil Current system on the 
inshore edge, via the Falklands Current. 
Extending our focus beyond the Brazil Current, we can construct circulation 
cartoons for each layer (fig 3.5-3.8). These show visually the southward increase in 
strength and depth of the recirculation. The nearshore current of AAIW is found at 
27°and 31° S. NADW comes down the coast in a fairly uniform current; the water in 
this density range that flows north through the Vema is coming from east of the 
sections. The northward LCPW and AABW layer starts out around 6 to 7 Sv; by 
the time it reaches the Vema Channel it shrinks to 4 to 5 Sv, consistent with the 
Hogg et al. (1982) estimate. The excess water may continue north via a path to the 
east of the Rio Grande Rise (Reid, 1989, his fig. 29). The core of NADW coming 
south through all the sections is fairly constant, at about 10 Sv. The AAIW and 
UCPW layer moves south, supplied by both the UCPW coming in from the east 
and the older AAIW in the subtropical gyre, coming from the north . Some AAIW 
does flow north, both in a small current trapped against the coast (about 1 Sv) and 
in the recirculation. These currents provide the freshest cores of AAIW in the 
salinity minimum layer, and they are consistent with the AAIW scenario described 
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Figure 3.5: Transport cartoon for the central water layer. Each solid line represents approximately 5 Sverdrups, with dashed 
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Figure 3.7: Transport cartoon for the NADW layer. Each solid line represents approximately 2 Sverdrups. 
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Figure 3.8: Transport cartoon for the AABW /LCPW layer. Each solid line represents approximately 1 Sverdrup. 
in section 2.3. 
3.4 How Good are the Results? 
As was discussed at the beginning of the chapter, the choice of a ZVS for the Brazil 
Current is not something all authors agree on. To examine the effect of changing the 
ZVS on the transport estimates, the transports are recalculated with other choices 
of ZVS. The validity of the ZVS choices may then be explored, and the transports 
can be compared with historical estimates. The results are described below. 
At 27° S (table 3.7) , a shallower ZVS of 500 m sends the NADW in the wrong 
direction, although not critically so. The difference between this and our reference is 
not significant, although it results in a very strong inshore current of AAIW flowing 
north. Moving the ZVS deeper to Defant 's 1300 m has little effect, primarily because 
the bulk of the current is over topography shallower than the reference surface. 
layer zvs 
transport (Sv) 500 m 27.2 u0 1300 m 
cw -7.1 -11.7 -13.9 
AAIW/UCPW 3.0 0.5 -0.6 
NADW 0.9 -0.2 -0.2 
LCPW/AABW 0.0 0.0 0.0 
Table 3. 7:Transport of the Brazil Current at 27° S with various ZVS 
choices. 
At 31° S (table 3.8), the shallower ZVS- 500 m - results in a large AAIW current 
and an unreasonable NADW current of 9 Sv flowing north. Moving the reference 
deeper, to Defant 's ZVS of 1500 m, has little effect on the CW, although it reverses 
the N ADW. The bulk of the current lies over topography shallower than 1500 m. 
The Brazil Current transport compares favorably with that measured by PEGASUS 
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at 31° S (Evans and Mascarenhas, unpublished), particularly since the PEGASUS 
results did not span the entire current. 
layer zvs 
transport (Sv) 500 m 27.1 uo 1500 m 
and bot 
cw -4.3 -20.3 -21.1 
AAIW/UCPW 9.2 -2.5 -2.5 
NADW 8.6 -1.9 1.9 
LCPW/AABW 0.0 0.0 0.0 
Table 3.8:Transport of the Brazil Current at 31° S with various ZVS 
choices. 
At 34° S (table 3.9) two shallower ZVS are given for the Brazil Current. The 700 m 
ZVS results in N ADW flowing north, as does the 1700 m ZVS. The problem here, as 
explained above, is that most of the shear lies at the bottom of the stations. The 
only possible change that would be consistent with the water masses is adding 
southward bottom velocities to the current; this also boosts the growth of the CW 
to be in line with the other sections. The results are shown in the fourth column, 
with -2 em s-1added to each station pair. The CW and AAIW /UCPW transports 
are acceptable, but too much NADW now comes through the section compared with 
the other sections. It is probably possible to adjust some of the bottom velocities for 
a reasonable Brazil Current, but a reference of zero bottom velocity in the current 
seems the best. 
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layer zvs bottom 
transport (Sv) 700 m 1700 m bottom v -2 em s-1 
cw -8.0 -16.9 -26.8 -36.2 
AAIW .2 -3.3 -10.7 -17.4 
NADW 5.1 4.2 -5.0 -17.2 
AABW 1.0 1.1 0.7 -0.5 
Table 3.9:Transport of the Brazil Current at 34° S with various ZVS 
choices. 
Finally, at 36° S, two shallower and one deeper ZVS are given (table 3.10). The two 
shallow references (1400 m was the reference used by Gordon and Greengrove 
(1986)) result in huge northward flowing NADW currents, indicating that a deep 
ZVS is required at this section . The bottom reference sends AABW the wrong 
direction, and there is no source for the bottom water north of the section. 
layer zvs 
transport (Sv) 1400 m 1800 m 45.8 0"4 bottom 
cw -35.6 -41.0 -51.4 -60.0 
AAIW/UCPW -3.7 -8.8 -1 8.5 -25.8 
NADW 16.3 7.1 -10.1 -23.3 
LCPW/AABW 9.9 7.3 2.1 -2.9 
Table 3.10:Transport of the Brazil Current at 36° S with various ZVS 
choices. 
3.5 Summary 
eAt 27° S, the Brazil Current is shallow and weak, transporting less than 12 Sv 
south. This is consistent with values that have been obtained farther to the north. 
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•As the current moves south the transport in its upper layer increases to 50 Sv; in 
addition the current deepens. As the current moves offshore it is aligned over the 
southward moving NADW so that the total southward transport at 37° S is 80 Sv. 
•Changing the ZVS to a shallower depth in the southern sections is inconsistent 
with the water mass information, as it results in NADW flowing north. The 
transport value here is comparable to that obtained by Peterson (1990), but 
significantly larger than other estimates to the south. Since Peterson's est imate is 
based on the same data as one of the other estimates, it must be concluded that the 
difference lies in the ZVS choice. Gordon and Greengrove's arbitrary use of a 
shallow ZVS results in artificially small transport values. 
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Chapter 4 
A Simple Layer Model of the South Atlantic at 31 o South 
One of the limitations of the data used in this study is that they do not extend very 
far across the South Atlantic. This leads one to treat the Brazil Current as an 
isolated feature, instead of as an integral part of the subtropical circulation. T his 
chapter explores the interplay of the Brazil Current with the over-turning modes of 
several of the water masses. The results of an inverse calculation of the South 
Atlantic (Rintoul, 1988) will be used to help set limits in the model. 
Rintoul explored a variety of constraints in his inverse; the results we are interested 
in are the mass transports for the layers of surface water, intermediate water, deep 
water and bottom water (the inverse originally had thirteen layers, but these were 
grouped into four layers for the purpose of discussion) . Rintoul found that the net 
transport across 32° S in each layer changed very little with different initia l 
reference level choices, i.e. the constraints were strong enough to force the system to 
behave in a certain way. His "standard" model gave transports across 32° S of 8 Sv 
north of surface water, 5 Sv north of intermediate water, 17 Sv south of deep water, 
and 4 Sv north of bottom water. The net transport across the section is zero; thus 
these numbers can be thought of as exchanges among the different layers. T he 
simple model constructed here will be asked to match the sense of the layer-to-layer 
exchanges found in Rintoul's inverse calculation. 
Rintoul's net layer transports are used to constrain a simple model driven by 
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changes in layer thickness across the basin. This type of approach is explored by 
Stommel, Niiler and Anati (SNA, 1978) in the North Atlantic. SNA note that one 
of the strongest features in the North Atlantic is the change in depth of the 10° 
isotherm from east to west. They use this feature to divide the North Atlantic into 
a two layer system, and define three distinct regions in a cross section of the basin: 
the Gulf Stream, the recirculation, and an interior (fig 4.1). The geometry of the 
upper layer (defined by the 10° isotherm) is such that the western edge is thinner 
than the eastern edge; it is thickest in the bowl of the recirculation. SNA point out 
that the difference in height of the upper layer across the section suggests a warm to 
cold water conversion to the north. From the changes in layer thickness baroclinic 
transports are calculated for the upper layer. Because there is relatively little 
structure in the deep water, the baroclinic transport there has been set to zero. The 
two layers are allowed to exchange mass in the north. The system is constrained to 
have no interior barotropic transport. Based on an assumed layer-to-layer exchange, 
barotropic transports for the Gulf Stream and recirculation are computed to balance 
mass across the section. The net result is that the amount of overturning, or 
layer-to-layer exchange, is tied to the strength of the recirculation. This does not 
specifically set the strength of the barotropic transport for either the Gulf Stream or 
the recirculation; rather, it specifies limits on the barotropic transports based on 
what is known about the exchange between the layers to the north . 
A similar approach is taken here for the South Atlantic, however , it is important to 
note that the two oceans are distinctly different. First, the net meridional heat flux 
in the South Atlantic is toward the equator. This manifests itself in the geometry of 
the 10° isotherm (fig 4.2), which is shallower at the eastern edge than western edge 
at 31 o S; the reverse is found in the North Atlantic. Second, the deeper layers show 
a great deal more structure than is seen in the North Atlantic. The impact of these 
differences on the results will be examined as we try to understand the relationship 
between the large scale balances in the South Atlantic and the Brazil Current. 
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Figure 4.1: Schematic diagram of a two layer model of the Gulf Stream. The geometry 
is set by the 10°isotherm. from Stornrnel, Niiler and Anati (1978). 
4.1 Construction of the Layer Systems 
This chapter contains results for two, three and four layer systems, so the geometry 
is described in terms of a generalized multilayer system. The first step in 
constructing the system is the calculation of baroclinic transports from the 
geometry described by the data (fig 4.4). A schematic of the four layer model is 
shown in figure 4.3. 
The baroclinic velocity, v, in each layer is independent of depth; the change in 
velocity between layers is determined by the slope of the interface dividing the two 
layers (such an approach is described in chapter 6 of Pedlosky, 1982). 
g ~p g ~p 
Vi,j- Vi-lJ = -1 A ~h = -1 A (hi,j+l- hiJ) Po L.l.X Po L.l.X 
( 4.1) 
where i identifies the layer and j, the region. Po is an average density for the ocean; 
the h's are the thicknesses of each layer. The baroclinic velocity in the lowest layer 
is generally set to zero, following the example of SNA. The baroclinic transport, t, is 
determined by multiplying the velocity by the width and average height for that 
section 
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Figure 4.2: Temperature section across 32° S. from Fuglister (1960). 
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Figure 4.3: Schematic diagram for a four layer model with layer-to-layer exchanges 
south of the basin-wide section. 
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t · ·=v··* h·· *~X 1,] 1,] 1,) 
_ + _L~(h h )hi,jtl+h; ,j A 
- Vi-l,j !Po fl.x i ,j+l - i,j 2 UX 
= Vi-l,j + ct(h~,j+l - h7J 
( ')- g~p, c ~ - 2/ Po 
( 4.2) 
( 4. 3) 
The barotropic transport contributes a weighted amount to each layer's mass 
balance. The weighting, p, is determined by the average height of that layer, i.e. 
x .. 1,] 
Pi,i = H · 
) 
The resulting mass balance for layer i is then 
7i + BiPi,i + Fi - Fi-t = 0 
or in matrix form for a three layer system 
Bt 
Pt ,t P2,1 P3,t 1 0 B2 
P1,2 P2,2 P3,2 -1 1 B 3 
Pt ,3 P2,3 P3,3 0 -1 F1 
F2 
~ = "\;'t ·. 
I ~ I,J 
j 
( 4.4) 
(4.5) 
(4.6) 
7i 
72 (4.7) 
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(4.8) 
T is the net baroclinic transport in a layer across the section. The B's are the 
barotropic transports associated with different regions of the flow; t he layer-to-layer 
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exchange is given by F. Another way of thinking of the F's is as a measure of the 
net transport of the layer across the section. For example, if F1 Sv are converted 
from layer two to layer one, then layer one must have a net northward transport of 
F1 to balance mass; for layer two, the transport north is F2 minus F1 • From the 
model's perspective, positive flow always indicates flow into the layer or box; thus 
an F1 transfering water up into layer one is positive, and a southward flowing Brazil 
Current sending water into the layer is positive. These equations can be adapted to 
any number of layers and regions, and several cases will be discussed. 
The sensitivity of the model to the various input (the layer depths, the net water 
column depth and the density difference parameters) has been explored, and some 
of the results are shown below. The model proved to be most sensitive to the layer 
geometry on the eastern boundary. Given the above equations, this sensitivity 
should come as no surprise. The difference between the eastern and western 
boundaries yields the net baroclinic imbalance in each layer; any significant change 
in this imbalance alters the final solutions. Changes in the water column depth and 
the density parameters had to be extreme before they impacted the solutions 
significantly. 
4.2 Two Layer Systems 
The two layer system is used here to explore how the South Atlantic works with this 
model. The ocean is initially treated as two layers, having a configuration similar to 
that used by SNA. SNA obtained solutions by setting the interior barotropic 
transport to zero. Because the South Atlantic has a great deal of deep water 
structure, this step is likely to give poor results. The effect of such an assumption 
can be easily checked with the two layer system, by testing the sensitivity of the 
results to different applications of the barotropic transports. In addition, different 
choices can be made for the isotherms defining the layers. SN A used the 1 oo 
isotherm because it varies in depth a great deal across the basin in the North 
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Atlantic. Equally interesting in the South Atlantic is the 3.4° isotherm, near the 
boundary of the AAIW and NADW water masses. Since it separates northward and 
southward flowing water masses it might be a more appropriate choice. Both 
possibilities are explored with the two layer system: first, the effect of setting the 
barotropic transport to zero in the interior, and second, the effect of different layer 
choices. 
The two layer system has two constraints. First is overall mass conservation: 
( 4.9 ) 
and conservation of mass in the upper layer 
( 4.10) 
The other constraint that is required for a solution to be deemed acceptable is for 
the layer-to-layer conversion, Ft, to be positive, i.e. a cold to warm overturning 
mode. F1 can be specified as a fraction of the total baroclinic transport across the 
section 
This artifice allows the barotropic transports to be written as a function of / , 
yielding a simple equation for the barotropic Brazil Current, 
B _ rr 1 + I - P2,1 1- .l} 
P2,1 - PI,l 
(4.11 ) 
(4.12) 
If p1,1 and p2 ,1 are equal the two equations are degenerate and no unique solution 
can be found. If the difference between them is small , then B1 will be 
correspondingly large. Finally, note that the sign of B 1 , the barotropic Brazil 
Current will be determined by which of the two weighting factors is larger. 
To see how a zero barotropic interior affects the results, the two layer system is 
divided into three region, as in SN A. In the first run the interior has no barotropic 
80 
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Figure 4.4: Geometry of a multilayer model of the Brazil Current. The geometry is 
set by the 2.6, 3.4 and 10° isotherm. 
transport, but a barotropic transport is allowed for the recirculation; this is 
analogous to the SNA treatment. The second run treats the recirculation as part of 
the interior, with one barotropic transport for the entire interior (this changes the 
effective height over which the barotropic transport is spread in each layer). The 
two runs differ only by changing the weighting p2,1 : 
Barotropic recirculation 
Barotropic interior 
The data used to determine the thermocline heights are a combination of the 31 o S 
section across the Brazil Current and Fuglister's IGY data from 32° S (fig 4.2), both 
of which will now be referred to as 31° S. The two layers are separated by the 10° 
isotherm, shown by the top line in fig 4.4. 
The constant, c, representing the density difference between the two layers, is set 
using the data from the modern 31 o S section; c is chosen to give the same 
baroclinic transport in the Brazil Current as is measured at 31 o S, assuming a 10° C 
ZVS (the baroclinic Brazil Current is approximately 15 Sv, with an baroclinic 
interior transport of 20 Sv). This results in a c of 80, which corresponds to a density 
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difference of approximately . 7 kgm -J. The range of 1 is chosen in all models so that 
F1 has a range of 0 to 20 Sv, with the sense being that of upper water being formed 
in the south (this is the opposite of the North Atlantic). Thus all the solutions 
presented for this case satisfy the requirement on F1 • Since the upper layer is 
thinner in the east than in the west, 1 must be negative. Rintoul's standard model 
has an F1 of 8 Sv. 
The results (fig 4.5) indicate that the treatment of B2 is critical to the solution (the 
first run , with no barotropic interior, is the solid line; the second run is the dashed 
line). When the interior barotropic transport is constrained to zero, the resulting 
barotropic Brazil Current and recirculation are large. When the barotropic 
transport is spread over the interior, the magnitude of the barotropic terms is 
smaller. More importantly, the sign of the barotropic transport is reversed. The 
treatment of B2 radically changes the result. 
Part of the difference between the two runs is caused by the choice of the 10° 
isotherm as a layer boundary. When the barotropic transport is ascribed to the 
recirculation, p 2,1 (.208) is greater than p 1,1 (.195); the reverse is true when the 
barotropic transport is spread across the interior and p2 ,1 ( .111) is reduced. The 
reversal would not happen in the North Atlantic, as the eastern edge of the 10 
isotherm is deeper than the western edge. 
The same two runs are done using the 3.4° isotherm to divide the two layers, with 
the geometry given by the second layer shown in fig 4.4. When a different isotherm 
is used to separate the layers, the size of the baroclinic Brazil Current (23 Sv) and 
sizes of the weighting factors (p1,1 is now .45 and p2 is .4) are altered. As a result , 
comparing the two cases is not simple. In addition F1 is now a layer-to- layer 
exchange between different layers; Rintoul's value for this combination , 13 Sv, is 
still within the range explored. The figure labeled as the Brazil Current for each run 
is only the transport in the upper layer in the Brazil Current region, 
BC = B1 * Pt ,t + t1,1 ( 4.13) 
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Figure 4.5: The results from the two layer, two region model which uses the 10° 
isotherm to separate the two layers. (a) is the barotropic transport ( m 3 s-1 ) in the 
Brazil Current; (b) is the barotropic transport for either the interior with no recircu-
lat ion (- - -) or the recirculation with no interior (-). 
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Figure 4.5: The results from a two layer, two region model which uses the 10° isotherm 
to separate the two layers. (c) is the net Brazil Current transport in the upper layer. 
The most important change is that this geometry is not as sensitive to where B2 is 
applied (fig 4.6). The sign of the barotropic transports, regardless of where B 2 is 
applied, is the same, however, the magnitudes of the barotropic transports are 
different by more than a factor of two. 
Instead of setting the barotropic transport in the interior to zero, all three regions 
can be included so that both the recirculation and the interior have barotropic 
transport terms. By allowing barotropic transport in all three regions, another 
unknown is introduced, B3 , without adding any constraints. Results can be 
obtained if the barotropic recirculation, B2 , is represented parametrically, 
( 4.14) 
Initially no assumption will be made about the sign of a. The two layer, three 
region case is run for the second geometry, described above. The magnitudes of the 
barotropic transports are reduced (the maximum barotropic Brazil Current is 
reduced from 200 to 80 Sv), suggesting that the system does not have to work as 
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Figure 4.6: The results from the two layer, two region model which uses the 3.4° 
isotherm to separate the two layers. (a) is the barotropic transport (m3s-1 ) in the 
Brazil Current; (b) is the barotropic transport for either the interior with no recircu-
lation (- - -) or the recirculation with no interior ( - -). 
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Figure 4.6: The results from a two layer, two region model which uses the 3.4° 
isotherm to separate the two layers. (c) is the net Brazil Current transport in the 
upper layer. 
hard to achieve a balance (fig 4.7). This is encouraging; however, we know a two 
layer system cannot hope to represent realistically even the gross details of the 
region. Clearly three layer or more layers will better be able to represent these 
details. In addition, the inclusion of a third layer will introduce another requirement 
on the sense of the overturning modes: that some of the southward flowing N ADW 
be balanced by northward flowing bottom water. 
4.3 Three Layer Systems 
In the three layer system, the top layer is defined to be a combination of the CW 
and AAIW, above the 3.4° isotherm. The second layer is NADW, and the third is a 
combination of LCPW and AABW, below the 2.6° isotherm. The IGY section across 
31 o S shows a good deal of variation in the thickness of these layers. Adding a third 
layer adds a constraint, since mass must be balanced within the new layer; another 
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Figure 4. 7: The results from the two layer, three region model. The different lines 
are the results for varying a between + 1, as indicated. (a) is the barotropic transport 
( m3 s-1 ) in the Brazil Current; (b) is the barotropic transport for the recirculation. 
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Figure 4. 7: The results from the two layer, three region model. The different lines 
are for varying a as indicated previously. (c) is the barotropic transport (m3s-1 ) for 
the interior; (d) is the Brazil Current transport in the upper layer. 
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unknown is also added, namely, a second layer-to-layer conversion, F2• AABW 
should be formed in the south, implying the sign of F2 should be negative. Rintoul's 
work indicates that the sign of F1 should be positive; his value for this case is 13 Sv. 
As in the two layer runs, baroclinic transport in the bottom layer is set to zero and 
the baroclinic transport in the top two layers is computed from changes in layer 
thickness. The constants, c1 and c2 , are set for both layers by matching the 
transports to those computed from the 31° S transect using a reference level between 
NADW and AABW (a southward flowing Brazil Current of about 30 Sv and 
southward flowing NADW of about 10 Sv). The sensitivity of the model to various 
c's is explored in the first case, which is a three layer, two region system (fig 4.8). 
Once again, this run shows the difference between B2 applied generally across the 
interior or to the recirculation. The range in Ct, from 40 to 120, corresponds to a 
change in !:l.p from 0.315 to 0.946 kgm-3. Qualitatively the solutions are similar, 
suggesting the model is not overly sensitive to reasonable choices for c. 
The next step is to run the full three layer, three region system. The parameters are 
the same as those for the two layer, three region case, a and/· Put into matrix form 
this yields three equations and three unknowns in addition to the two parameters: 
Pt,t + ap2,1 P3,t 0 Bt 7i(1 + !) 
PI ,2 + O'P2,2 P 3,2 1 B3 72 - , 7i ( 4.15) 
Pt ,3 + ap2,3 P3,3 - 1 Ft 73 
We would like to limit the range of a explored. To determine what might be 
physically meaningful values for a, the model is run for a large range of 
layer-to-layer transports, with F1 varying between 0-20 Sv and F2 between minus 
0-9 Sv (estimates of AABW production are about 4 Sv). B1 and B2 are computed 
separately, and then a plot of a (fig 4.9) is obtained by dividing B2 by B1 • When F1 
is large, F2 alters a only slightly; a is constant at about -1.5. As F 1 decreases, 
discontinuities occur in the a plots as B 1 passes through zero. When B 1 changes 
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Figure 4.8: The results from the three layer, two region model. c1 has values of 
40, 80 and 120. The two sets of runs are as described in figure 4.4. (a) is the 
barotropic transport (m3s-1) in the Brazil Current; (b) is the barotropic transport 
for the recirculation. 
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Figure 4.9: Plot of the ratio of the barotropic transports of the Brazil Current to that 
of the recirculation for a range of F2 between 0 to 9 Sv. 
sign a becomes positive, but B2 is close in magnitude toB1 ; once B 2 passes through 
zero a once again falls near -1.5. The solution region in which B1 and B2 are 
virtually zero will be ignored, and a will be limited to the range of -1.75 to 0. a 
between -1.75 and -1 corresponds to the magnitude of B 2 being larger than that of 
B1 ; the reverse is true between -1 and 0. In all cases the signs of the two barotropic 
transports are opposite. 
The case run uses c1 =120 (fig 4.10), with a baroclinic Brazil Current of about 33 Sv 
(with a net upper layer baroclinic transport of -12 Sv). The two runs with the 
magnitude of B 2 greater than that of B 1 (a of -1.75 and -1.5) have much larger 
ranges for B 1 and B 2 than the other runs. B3 and F2 also have different responses 
in these two runs. At an F1 of about 10 Sv the solutions converge with B1 and B2 
both zero (i.e., the value of a does not matter). For F1 less than this, B 1 increases 
the strength of the Brazil Current and F2 is generally negative, that is, N ADW is 
converted to bottom water. For larger F~, the Brazil Current is decreased until it 
eventually reverses, and bottom water is converted to NADW. 
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Figure 4.10: The results from the three layer, three regiOn model. The different 
lines are the results for varying a between 0 and -1.75, as indicated. (a) is the 
barotropic transport (m3s-1 ) in the Brazil Current; (b) is the barotropic transport 
for the recirculation. 
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Figure 4.10: The results from the three layer, three region model. The different lines 
are for varying a as indicated previously. (c) is the barotropic transport ( m3 s-1 ) for 
the interior; (d) is the Brazil Current transport in the upper layer 
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Figure 4.10: The results from the three layer, three region model. The different lines 
are for varying a as indicated previously. (e) is the layer-to-layer transport ( m3 s-1 ) 
between the N ADW and the AABW layers; a negative value indicates flow from 
N ADW to AABW. 
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Figure 4.11: Contours of F2 , the layer-to-layer exchange between NADW and AABW, 
mapped on a grid of a and F1 . Contour level is 2 Sv, and the stippled region indicat es 
negative F2. 
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Figure 4.12: The Brazil Current transport mapped on a grid of a and F1 • Contour 
level is 50 Sv, and the heavy line indicates the zero contour. The stippled region 
indicates negative F2 • 
By mapping the results onto a grid of a and F1 , the acceptable solution regions can 
easily be indicated. Figure 4.11 shows F2 contoured for the entire parameter range; 
t he stippling indicates negative F2 , or the formation of AABW. By mapping the 
zero F2 contour onto the Brazil Current solution (fig 4.12), one sees that the Brazil 
Current is usually less than 50 Sv in the region with negative F2 • There are, 
however, regions in which the Brazil Current has northward flow. The three layer, 
three region system shows some sensitivity to the physical constraints. Instead of 
pursuing this case further, however, a four layer model is developed in the next 
section that better represents the South Atlantic. 
4.4 Four Layer System 
In the four layer system, the top layer is the CW, defined by the 10° isotherm. The 
second layer is the AAIW, defined by the 3.4° isotherm. Third and fourth are 
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NADW and AABW; all are shown in fig 4.4. Adding a fourth layer adds another 
constraint, mass balance in the fourth layer, and an unknown, a third layer-to-layer 
conversion. Rintoul's estimates for these conversion terms are 8, 13, and -4 Sv for 
F11 F2, and F3 , respectively. Note that F3 now represents the exchange between 
NADW and AABW; F2 , the exchange between NADW and AAIW, and F1 , that 
between CW and AAIW. 
As in the three layer runs, baroclinic transport in the bottom layer is set to zero and 
the baroclinic transports in the top layers are computed from changes in layer 
thickness. The values of the constants c are again set by matching the model 
baroclinic transports to those computed from the 31° S transect using a reference 
level between NADW and AABW (c1 is set by a surface Brazil Current of about 20 
Sv; c2, by an AAIW transport of about 10 Sv, and c3 , by a NADW transport of 10 
Sv in the recirculation). The baroclinic transports in each region are 
B.C. Recirc. Int. Net 
cw 20.1 -7 .1 -18.5 -5.5 
AAIW 8.8 -2.4 -8.5 -2.1 
NADW 0.0 9.6 -3.1 6.5 
AAIW 0.0 0.0 0.0 0.0 
Once again the range for a is explored; the results are similar to the three layer case 
except that a asymptotes to a value slightly less than negative one, which means 
that the barotropic Brazil Current has a larger magnitude than the barotropic 
recirculation (fig 4.13) . Runs were made with a varying from -1.5 to -.5. 
Instead of showing the runs for various a's, the data are again mapped onto a grid 
of a and F1 . The first two plots show the layer-to-layer exchanges, F2 and F3 
(fig 4.14 and fig 4.15). The zero contours for both are on each plot, showing that 
the satisfactory solution region -where F2 is positive and F3 is negative- is fairly 
small. This "solution region" is indicated on the maps of the other variables 
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Figure 4.13: Plot of the ratio of the barotropic transports of the Brazil Current to 
that of the recirculation for the four layer, three region system, with a F3 varying 
from 0 -9 Sv. 
(fig 4.16- 4.19). The zero lines for B 1 and B2 lie quite near the F3 zero. Even 
though B 1 does have some negative values in the solution region, BC is always 
positive (fig 4.19). Although BC does not change value much in the solution region, 
the B3 map shows that different balances obtain. To discuss the different balances 
the approximate weightings for each region are given below. Note that in the fourth 
layer the balance is basically between B 2 and B3 , and in the third layer all 
barotropic transports have the same weighting. 
B.C. Recirc. Int. 
cw .2 .2 .1 
AAIW .3 .2 .2 
NADW .5 .5 .5 
AAIW .0 .1 .2 
In the region where a is between -1.2 and -1.5 (the magnitude of B2 is greater t han 
that of B1 ) B3 has the same sign as B1 to balance the larger B2 • To the left of the 
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solution region, F1 is not big enough to balance the net baroclinic flow; B 2 balances 
the rest 1 , and is thus positive. B3 is not large enough to compensate in the lowest 
layer; as a result F3 is positive, and AABW is converted to NADW in the south. In 
the solution region, the magnitude of F1 is larger than that of the net baroclinic 
flow, driving B 2 to reverse sign; F3 also reverses sign, and AABW is made in the 
south. To the right of the solution region B 2 must get much larger to compensate 
the larger Fb and B1 and B 3 cannot compensate the larger B 2 in the NADW layer , 
so AAIW is converted to NADW (F2 is negative). 
In the next a region, -.9 to -1.2, B1 and B 2 are approximately equal in strength. In 
the area to the right of the solution region B3 is too small to balance B2 in the 
bottom layer, so a large negative F3 is needed to balance that layer. As a result the 
NADW layer is out of balance; a negative F 2 provides the balance. In the solution 
region B2 and B3 are approximately in balance in the bottom layer, so F3 is small 
and F2 reverses. To the right of the solution region the balance between the 
baroclinic transports and F1 reverses sign, and the signs of B1 , B 2 , B3 and F3 also 
reverse. 
In the last a region, -.5 to -.9, the magnitude of B1 is greater than that of B2 ; as a 
result B3 has the same sign as B2• To the left of the solution region the large B 1 
brings more AAIW south than the other two barotropic terms can balance, so some 
is converted to NADW (F2 is negative). As F1 increases it takes up some of the 
excess AAIW and less B1 is needed to balance the upper layer. To the right of the 
solution region, where F1 is larger than the net baroclinic imbalance in the top layer, 
B 1 changes sign to compensate the larger Fll causing B 2 , B3 and F3 to follow suit. 
Treating the acceptable solutions as three different a regimes, we find the first two 
to have similar balances: the small net imbalance between F1 and the baroclinic 
transports is compensated by B1 and B3 , both of which are positive. The small 
1 In discussing the results I frequently say that A causes B; it could just as easily be said that B 
causes A. The equations are solved simultaneously, and one thing does not cause the other , but I 
find this way of thinking about the results convenient. 
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Figure 4.14: Contours of F2 , the layer-to-layer exchange between AAIW and NADW 
mapped on a grid of a and F1 • Contour level is 50 Sv, and the stippling indicates the 
overlapping region between positive F2 and negative F3 . 
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Figure 4.15: Contours of F3 , t he layer-to-layer exchange between NADW and AABW 
mapped on a grid of a and F1 . Contour level is 20 Sv, and the stippling indicates the 
overlapping region between positive F2 and negative F3 . 
99 
B 1 contours nt 500 Sv 
1.4 
1.3 
': / 
0.9 
0.8 
. . . . . . . . . . . 
0.7 :: ~: ~: ~: ~: ~: ~: ~: ~: ~: ~: ~ 
:::L---~~-~<~~~~~~~~~III~III ti_L_ __ ~----~----J_----~--~----~--~ 
0 0.2 0.4 0 .6 0.8 1.2 1.4 1.6 1.8 2 
Fl x10 7 
Figure 4.16: Contours of Bh the barotropic transport in the Brazil Current, mapped 
on a grid of a and F1 • Contour level is 500 Sv; the stippling indicates the overlapping 
region between positive F2 and negative F3 • 
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Figure 4.17: Contours of B2 , the barotropic transport in the recirculation, mapped 
on a grid of a and F1 . Contour level is 500 Sv; the stippling indicates the overlapping 
region between positive F2 and negative F3 • 
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Figure 4.18: Contours of B3 , the barotropic transport in the interior, mapped on a 
grid of a and F1 • Contour level is 100 Sv; the stippling indicates the overlapping 
region between positive F2 and negative F3 . 
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Figure 4.19: Contours of BC, the total transport of the upper layer of the Brazil 
Current, mapped on a grid of a and F1 . Contour level is 100 Sv; the stippling 
indicates the overlapping region between positive F2 and negative F3 • 
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differences between B3 and the negative B2 result in small, negative F3 's. In the 
third region B 1 is stronger than B2 and can compensate for the surface layer 
imbalance by itself. B3 then works with B 2 to balance the large barotropic Brazil 
Current in the other layers. Since B2 and B3 are both negative, F3 is larger than in 
the other regions. Shown below is an example of the net transports in each region 
from the acceptable solution region (the specific numbers for the Brazil Current and 
recirculation can be compared to those found in Table 3.3). The solution below is 
neither a best nor worst case, although its Brazil Current transport in the upper 
layer is on the lower end. The range of transports in the upper layer of the Brazil 
Current in the solution region is from 20 to 33 Sv. Converting the numbers in the 
sample solution to net layer transports across the section, one finds 5 Sv of surface 
water flowing northward, 1.4 Sv of intermediate water flowing northward, 6. 7 Sv of 
N ADW flowing southward and .3 Sv of bottom water flowing northward. Although 
all the magnitudes are smaller than those computed by Rintoul in his standard case, 
they do have the same flow direction. 
Sample Solution a =-.5 
21.4 -7.7 -18.7 
5.0 1t 
10.6 -3.0 -8.9 
6.41f ( 4.16) 
3.3 7.8 - 4.3 
0.3 .ij. 
0.5 - 0.4 -0.4 
4.5 Summary 
The models progress from a two layer, two active regions version (no barotropic 
transport is applied to the third region) to the final four layer, three region version. 
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In all cases the system is underdetermined. The first step towards obtaining a 
solution is to set F1 {0 to 20 Sv); when only two regions are active, setting the one 
parameter is sufficient to obtain a solution. When all three regions are active 
(requiring three barotropic transports) another parameter is required to find a 
solution. By setting the conversion to bottom water (0-9 Sv), results are obtained 
that show the ratio of B 1 to B2 is fairly insensitive to changes in the fixed 
layer-to-layer conversions. Thus the ratio, a, is used as the additional parameter, 
leaving B 1 , B3 , F2 and F3 to be determined by the system equations. 
General features, and not specific transport values, are the most important results 
of the layer models. The incremental development of the three models elucidates 
physical features in the circulation pattern and illustrates constraints of the system. 
Attempting to model the South Atlantic with the two layer system resulted in very 
large barotropic adjustments, which suggests that such a model is insufficiently 
sophisticated to capture the essential physics of the system. Also, the single 
overturning mode did not constrain the range of solutions. The addition of one or 
two layers allows the basic features of the system to be represented and provides a 
limited range of solutions. The four layer system, with very basic, realistic 
constraints on layer exchanges, results in remarkably consistent barotropic 
transports for the Brazil Current and recirculation. Attempting to make the Brazil 
Current very large or very small results in layer-to-layer exchanges in the opposite 
direction of that expected from physical intuition. 
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Chapter 5 
Potential Vorticity in the Brazil Current 
In the previous chapters, the data were examined using a classical approach , the use 
of tracers to determine a ZVS from which transport estimates can be made. The 
data can also be used to calculate potential vorticity1, which can be used as both a 
tracer and a dynamic tool. 
The value of potential vorticity as a tracer has only recently been exploited, 
although static stability, which is proportional to planetary potential vorticity (P) , 
has frequently been used as a tracer in the past. Low values of P, found in 
convectively formed mode waters, have been used to trace those water masses and 
track their formation rate (Talley and McCartney (1982) and Talley and Raymer 
(1982)). Bower, Rossby and Lillibridge (1985) used the difference in P between 
Sargasso Sea Water and Slope Water as a measure of the amount of rruxing which 
occurs cross stream. Using the Gulf Stream 60 data, they found a "wall" or front of 
P in the upper water located partway across the stream; the persistence of the wall 
downstream suggested that no mixing took place across it. The presence of t he wall 
was confirmed in other tracer data. Deeper, P was homogenized across the stream, 
1This section assumes the reader is familiar with the basics of potential vorticity ( Q) , namely, 
that it has planetary (P) and relative ('R.) components 
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suggesting that mixing could occur. This work was extended by Leaman, Johns and 
Rossby (1989) using Q calculated from PEGASUS data. Looking at three cross 
sections of the Gulf Stream, they also found the wall of Q persisted in the upper 
layers of each section. The Q contour dividing the "wall region" from the rest of the 
stream was the same in each crossing. Bennett (1988) in her analysis of the Agulhas 
retroflection, also found a wall of P against the coast. The wall - or front - of P 
is present in sections using u0 as a vertical coordinate; thus any parcel trying to 
conserve both its density and potential vorticity will be unable to cross the wall. 
Of course, potential vorticity is not limited to use as a tracer, but is dynamically 
important as well. Ertel (1942) shows that Q is conserved along the fluid path in 
the absence of mixing and dissipation (a complete discussion can be found in Gill , 
1982). Once a relationship is established between the stream function (w) and Q, 
the ocean circulation is determined. Some simple western boundary current models 
assume a uniform Q-W relationship; the conservation of this relationship drives the 
evolution of the current. Others have used somewhat more complicated Q-\ll 
relationships (for instance Fofonoff, 1954, used a linear relationship), but one needs 
to question whether a western boundary current is an appropriate place to assume 
potential vorticity is conserved. Besides interaction with the atmosphere there may 
be dissipation along the wall and mixing in the high velocity current. The effect of 
dissipation on the potential vorticity in a western boundary current is explored in a 
recent paper by Lozier and Riser (1989). 
Lozier and Riser explore dissipation along the wall with a multilayer , 
quasi-geostrophic, eddy-resolving model. The model has three layers of which only 
the uppermost is wind forced. Each has a dissipative boundary regime on the 
western edge; in these Q increases downstream with the change in Coriolis force 
(fig 5.1). The dissipative boundary in the upper layer is 17 km wide for a 70 km 
wide current. These dissipative boundary regimes are similar to what one would 
find in a traditional frictional model (e.g. Stommel, 1948, using bottom fri ction and 
Munk, 1950, using lateral friction). The layers can be distinguished outside the 
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Figure 5.1: The change in potential vorticity as a float moves downstream in the 
frictional boundary regime. f is the planetary term, 7J is stretching, ~ is the relative 
term. From Lozier and Riser (1989). 
dissipative boundary regime by the type of potential vorticity balance they achieve. 
In the upper layer, the inertial regime outside the dissipative regime conserves Q by 
balancing the increase in Coriolis force2 with negative R (fig 5.2). In this layer, Q 
would increase downstream on the inshore edge and be conserved across the rest of 
the current. In the second layer, the inertial regime conserves Q by balancing 
changes in the Coriolis force with stretching; R is important only in the dissipative 
boundary regime. The third layer has no mean inertial regime. The different 
regimes in these layers may be useful in interpreting the potential vorticity profiles 
obtained from the sections. 
Previous studies using potential vorticity follow one of two paths: they use 
hydrographic data to calculate P , or they measure absolute velocities (from 
2 LR divide Q into three components: the changes in Q resulting from changes in Coriolis force, 
stretching and relative vorticity. In the lexicon used here P is a multiplicative combination of the 
first two, and R is a multiplicative combination of the last two. This means that at a given section , 
changes in P represent stretching, but downstream changes in P probably reflect changes in f. 
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Figure 5.2: The change in potential vorticity as a float moves downstream in the 
inertial boundary regime. f is the planetary term, 17 is stretching, ~ is the relative 
term. From Lozier and Riser (1989). 
moorings or PEGASUS) to calculate R, and then Q. Hydrography has a sampling 
advantage, since a dense array stations of the entire water column are easily, and 
relatively cheaply, obtained. Also, in most parts of the ocean, P is an adequate 
substitute for Q. Unfortunately, P and Q are not the same in western boundary 
currents, which gives absolute velocity measurements the advantage. This might be 
overcome with good station spacing if one were confident of her ZVS choice. 
There are several problems involved with calculating Q from hydrographic data; 
these are addressed in the next section. Section 5.2 uses the calculated Q to look at 
water mass characteristics. Section 5.3 uses layer averages to look for a Q-W' 
relationship in the current, whether it is conserved on streamlines, or whether it 
reflects some of the changes suggested by Lozier and Riser. In addition, the results 
are examined to see what effect including or excluding R has, both qualitatively 
and quantitatively. 
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5.1 Calculating Potential Vorticity from Hydrographic 
Data 
The first step in estimating Q in the Brazil Current is determining what terms are 
expected to be important. The expression for potential vorticity is 
Q = 2_ [ ( 1 + av _au) a;.. + au a;.. _ av a;..] Po ~ ox oy oz oz oy oz ox 
1 ~ ...........__.. 
Ro R~ 
(5.1) 
where U is the cross stream velocity, V is along stream velocity, and ).. is a 
conservative scalar (several choices can be made for J..; here u 2 has been used). In 
the current, U is assumed to be much smaller than V, so terms involving zonal 
velocity may be neglected. The relative scaling of the remaining terms is given below 
the equation in terms of the Rossby number , which is roughly estimated here as 
v 100.£!!! 
Ro = - ~ 7.3£- 5l50km ~ '30 JL s (5.2) 
For the Brazil Current, n can be expected to contribute about fifteen percent to Q. 
This is not large, but could affect the results obtained. In addition , n changes sign 
across the current, enhancing P on one side, diminishing it on the other. Outside 
the current n is small, and P should be an adequate estimate of Q. 
The next step in estimating Q is estimating what horizontal resolution is needed to 
calculate n from hydrographic data. Of course, the use of hydrographic data 
immediately implies no ageostrophic components of Q will be determined; these are 
included in current meter and PEGASUS measurements (however, Johns, Watts 
and Rossby ,1989, use PEGASUS measurements to conclude that the main 
structure of the Gulf Stream is geostrophic, with the largest ageostrophic 
component coming from curvature of the path). With hydrography, velocity is 
computed using the thermal wind relation, which yields the following Q equation 
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(5.3) 
where 
g 1 op V = V,. + -1 !:ldz = V,. + Vb p z(r) UX (5.4) 
In the Q equation, the first term, P, is easily calculated using modern hydrographic 
data, as it requires only the vertical derivative of density. The second term, R, 
involves both the vertical and horizontal derivatives of density; the station spacing 
will directly impact its calculation. Evaluation of the third term is determined by 
the ZVS choices made in chapter two. The fourth term is not usually included in Q 
estimates because it is order R~. It can be calculated directly from hydrographic 
data and is included for completeness; note that because it is the vertical derivative 
of V, only the horizontal derivative of p is needed to calculate it. Only the second 
term is strongly affected by the station spacing. Recall that two stations are needed 
to calculate velocity, and three to calculate vorticity. Widely spaced data gives a 
velocity averaged over a longer distance and the detailed structure of the current 
disappears (note that this is a problem for absolute velocity measurements also, 
except they will not be averages). One way to estimate the resolution needed is to 
assume adjustments will take place on the scale of the Rossby radius of deformation. 
The Rossby radius of deformation, scaled here for the Brazil Current thermocline, is 
Lr = N D ~ .04 * 700 = 40km f o 1E- 5 (5.5) 
Because derivatives of velocity are being computed, measurements need to be made 
at about half the deformation radius, or 20 km. The three northern sections have 
average spacing through the current of 13.7, 17.4 and 19.4 km, but the fourth 
section has an average of 38.4 km. 
A potentially bigger problem for calculating relative vorticity is whether the cruise 
track is perpendicular to the current. Transport calculations are unaffected by the 
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crossing angle. Velocity is reduced by the cosine, but R goes down by cosine2• 
Nothing can be done to adjust for this when it is a problem, other than noting it as 
a possible cause for reduced values. This is one area where absolute velocity 
measurements have a big advantage, as the direction of flow is known. 
For most people, the biggest concern with calculating Q from hydrographic data is 
the ZVS. Error can be introduced in this term through relative errors between 
station pairs; if the same error in velocity choice were made at all stations, e.g. a ll 
were 2 em/ s too fast, no error would be introduced. There are two ways of 
examining this problem. If one assumed there was an arbitrary error of 5 em/ s in 
the opposite direction in adjacent station pairs separated by 20 km, this would 
introduce an error on the order of seven percent of P. An error of the type 
described would do real violence to the flow directions of the water masses as 
described in chapter two. A more reasonable way of addressing this question is to 
calculate R with different ZVS choices. 
The components of Q for the 36° S section are shown in fig 5.3 to 5.6. This section 
has the largest R contribution, with the ratio of R toP reaching as high as one in 
the current (fig 5.6); across the rest of the section it contributes ten to twenty 
percent. The ratio of R to P is the same as the Rossby number; the earlier estimate 
of the relative importance of R is quite conservative. This transect also has t he 
largest contribution from the ~~ term, with the ratio of it to P reaching .4 (fig 5.8) 
in the current; it contributes very little to the rest of the section (The ratios for t he 
other sections are in Appendix F.). Then calculation was redone using a level 
ZVS, 1800 m, instead of a density surface; the two differ in depth by about 1000 m 
(Recall from chapter three this ZVS choice was shallow enough to send N ADW 
north). A plot of the new Q looks virtually the same as the old one, as the 
differences between the two (fig 5.9) are less than the contour interval. As long as 
the ZVS is even close to reasonable it should not have much effect on t he resul ts . 
It appears that it should be possible to get good estimates of Q from hydrographic 
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Figure 5.3: Contoured map of total potential vorticity at 36° S on a grid of distance 
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areas. The contour interval is 200 E-9m - 1 s - 1 . 
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Figure 5.5: Contoured map of relative potential vorticity at 36° S on a grid of distance 
(km) and density (o-2 ) . The surface and bottom are indicated by the blackened areas. 
Positive vorticity is indicated with solid lines; negative with dashed. The contour 
interval is 200 E-9m- 1 s-1 . 
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Figure 5.6: Contoured map of the rat io of relative to planetary potential vorticity 
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planetary potential vorticity at 36° S on a grid of distance (km) and density ( u 2 ) . 
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Figure 5.9: Contoured map of the change in relative potential vorticity resulting from 
a ZVS choice of 1800 m. Data from 36° Son a grid of distance (km) and density (u2 ). 
The surface and bottom are indicated by the blackened areas. The contour interval 
is 25 E-9m-1 s-1 
data. Problems may occur if the stations are widely spaced or if the current is not 
crossed perpendicular to the flow. Although problems might be anticipated with the 
ZVS, it actually contributes minimally to the measurement. The ability to estimate 
Q from hydrographic data should be useful in strong current regimes. 
5.2 Potential Vorticity as a Tracer 
The description given in chapter 2 from the sections of oxygen, salt , temperature 
and silica provided a fairly coherent picture of the flow patterns. If Q is to be useful 
as a tracer, it should confirm some of the patterns determined by the other tracers, 
as well as adding new information. However, the above sections of P and Q show 
little variation below 36.0 u2 . By plotting only P in the deeper waters more 
horizontal detail can be resolved, since P is a single station calculation. Fig 5.10 
114 
- 5.13 are plots of 'P as a function of pressure, from 600 db to the bottom. This 
depth range includes all the water masses except CW; separate plots of Q will be 
used to explore the shallower water. Two main features are found in these sections. 
The first is a high in 'P of 15.0 E-9m-1s-1at about 3600 m depth. In the two 
southern sections the highs are large, basinwide features, which line up fairly well 
with the LCPW information (the break in the contour at station 123 in the 36° S 
section occurs where the flow direction reverses). In the northern two sections the 
highs are near the bottom. The other strong feature is the low between the 15 
E-9m-1 s-1 contours at about 2700 m, near the core of NADW. It is strongest in the 
northern section, where the 7.5 E-9m-1s-1contour spans most of the deep portion of 
the section. At 31° S, there are cores of 7.5 E-9m-1 s-I, but the 10 
E-9m-1 s-1contour is basinwide. At the two southern sections the 10 
E-9m-1 s-1contour is reduced to small cores; at 34° S they align well wi th the 
strongest cores of NADW, but at 36° S the 10 E-9m-1s-1core under the 
recirculation (sta. 117) is displaced from the strongest salinity core (sta. 114). One 
wonders how the high and low cores effect each other. 
Finding cores which are consistent with the other tracers is important, but having 
new information is more useful. By plotting Q with density (a2 ) as a vertical 
coordinate the surface layers are spread out so that variations within them can be 
seen (fig 5.14 - 5.17). Two features stand out. The first is the maximum of Q found 
at the 35.5 a 2 (26.8 a0 ) level. At 27° S the strongest core is found in the 
recirculation stations, with a much smaller one within the Brazil Current. In the 
next section to the south the core in the recirculation is slightly larger than that at 
27° S, that in the Brazil Current is much larger. At 34° S the high is broken into 
pockets in the current and is continuous from the righthand side of the recirculation 
to the offshore edge of the section (Note that the 'P plot is not broken. This is the 
section with the odd Brazil Current velocity structure, which is manifested in Q). 
The last section has a strong maximum in the recirculation, but in the current the 
high Q of the surface layers is extending deeper so there is no core. The pattern 
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Figure 5.10: Contoured map of total potential vorticity at 27° S on a grid of distance 
(km) and depth. Contours are as indicated, E-9m- 1 s-1 • 
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Figure 5.11: Contoured map of total potential vorticity at 31 o S on a grid of distance 
(km) and depth. Contours are as indicated, E-9m- 1 s-1 • 
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recirculation strengthening the maximum in the Brazil Current. Thus the small 
maximum core in the Brazil Current at 27° S grows downstream. Although other 
tracers suggested a recirculation in the cores of AAIW, the signal in Q is clearer. 
The other strong feature in these sections is the wall of Q found in the surface 
waters of the Brazil Current, similar to that found in the Gulf Stream by Leaman, 
Johns and Rossby (1989) and in the Agulhas by Bennett (1988). This is not solely a 
result of including R . Although the strength of the wall is enhanced by the 
inclusion of R , the wall is present in P sections as well . The presence of a wall with 
high Q on one side and lower Q can be seen in the density sections (fig 2.8). The 
density layers are thickest at the bottom of the bowl, with a large decrease in the 
current and a slight decrease in the recirculation. This results in a wall of P against 
the coast. The inclusion of a canonical jet Brazil Current and recirculation sharpens 
the wall (fig 5.18). Discussion of the wall will continue in the next section. 
The sections of Q support the conclusions drawn from the other tracer sections, 
particularly in the deeper layers. More importantly, changes in the cores in the 
Brazil Current and offshore counterflow suggest that the counterflow is feeding back 
into the Brazil Current to form a recirculation. The circulation diagrams of chapter 
3 suggest that this is the case, but this is the clearest evidence of such a link in the 
tracer fields . 
5.3 Potential Vorticity as a Dynamical Tool 
There are many ways one could look at the Q data, depending on what one wants 
to accomplish. The approach taken here is quite simple. Layer averaged Qs are 
calculated for five layers: the four layers discussed previously, with the surface layer 
divided in two. Since isopycnals outcrop to the south, those isopycnals which 
outcrop at the southern section are in the upper surface layer (defined by 26.5 a0 ) . 
The lower surface layer is thus continuous through all four sections. No discussion 
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Figure 5.18: Cartoon showing how the change in thickness of the density layers, 
combined with a canonical jet and counter current, conspire to form a wall of potential 
vorticity. 
The lower surface layer is thus continuous through all four sections. No discussion 
will be made of either the exposed surface layer or the deepest layer, which is 
dominated by bottom effects. With the layer averages we will look for a Q-'ll 
relationship and whether it is conserved, or whether there is evidence of a frictional 
boundary regime. The construction of such a Q- 'l1 relation would be of great value 
in western boundary current models, and the approach taken here towards such a 
relation seems fairly straightforward. One finds, however, that the Brazil Current is 
not a smooth, jet-like current, and the resulting derivatives are even less smooth. 
The details of the layer average computation are in Appendix H. In addition we 
need to calculate 'l1, from the layer averaged, meridional velocity (V) field 
(5.6) 
The stream function calculation begins at the first onshore station ; thus there is a 
wide shallow region of the shelf over which there are no data; 'l1 0 is not required to 
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be zero. No estimate of \110 is provided here (although farther to the north estimates 
of shelf transport from ship drift data are as high as 7 Sv). If a relationship between 
Q and \If is established which is consistent from section to section, one might be 
able to go back and estimate \110 by assuming Q should be conserved on lines of 
constant \If. If \11 0 is initially taken to be zero, departures of Q from conservation 
could be used to infer changes in \If 0 downstream. These changes would then 
provide an estimate of transport which is inshore of the measurements. For now \ll0 
is taken to be zero. 
Based on the sections of Q we saw earlier, one might expect to see high Q at low W, 
a minimum partway across the current, with Q leveling off to a low value as W 
increases. Figures 5.19 and 5.20 show Q and P for layer two. P does look as 
described, but the inclusion of n reduces the onshore peak of Q and introduces 
more variation offshore. The overall effect is a more uniform Q. The southernmost 
section is different from the others on the inshore edge because of the presence of 
low Q Falkland Current water. Figure 5.21 shows Q plotted as a function of W for 
just the Brazil Current . The large downst ream increase in transport , combined with 
the jittery signal, make any quantitative conclusions about a Q-W relationship 
impossible; the most one might say is that the curves overlie each other, and the 
peaks and valleys appear to average out to a fairly uniform Q value. The effect of n 
in the previous figures is interesting. It is suggestive of Lozier and Riser 's inertial 
region in the upper layer, where n is important. The P plots show the peak value 
increasing downstream, but the increase is offset by n, keeping Q fairly constant 
(fig 5.2). The absence of a dissipative regime is consistent with the topography of 
the region, since a dissipat ive boundary could be inshore of the sections. 
The inshore peak also occurs in t he next layer down (fig 5.22). T he picture is 
complicated, though, because this is the AAIW layer, and the alternately northward 
and southward flow causes the two northern sections to appear as a cloud about W 
equal to zero. 
126 
> 
0.. 
2.2 
2 
1.8 
1.4 ' . 
1.2 
0 
• ' 
,. 
i 
.···.· .. ·:,·:-..... .. .:, .. , 
, · 
....... ······ 
-----.:. ......... :·- · 
200 400 
planetary pv 
. :· ........ : .":: :'\"_ .. ~- ·- . -
600 
km 
. . . . . . . . . . . 
27 
31 ------
34 
36 
············· ·········· 
800 1000 1200 
Figure 5.19: Plots of the planetary potential vorticity in the unexposed surface layer. 
total pv 
2.2 27 
31 ---- -
2 
3 4 ... . -..... 
1.8 
> 
0.. 
1.6 
1.4 
1.2 
0 200 400 600 800 1000 1200 
km 
Figure 5.20: Plots of the total potential vorticity in the unexposed surface layer. 
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Figure 5.23: Plots of the total potential vorticity in the NADW layer, with W as the 
x coordinate. 
The NADW layer is perhaps the most straightforward. Because of its depth, its 
inshore edge intersects the topography, and so is completely sampled. The flow on 
the inshore edge is predominantly southward, so the problems with treating Q as a 
function of W found in the AAIW layer do not occur. All four sections show an 
inshore maximum, decaying offshore to a constant value (fig 5.23 and 5.24) . The 
difference between the northern and southern sections in the offshore value reflects 
the presence in the southern sections of LCPW; the circulation map for this layer 
did not connect the flow of the eastern edges of the 31 and 34° S sections. The 
inshore maximum at each section, caused by the thinning of the layer at the western 
edge, increases in value downstream for the first three sections. The downst ream 
increase is consistent with being in a dissipative boundary, where Q increases with 
the change in coriolis force. In the region offshore of the maximum (about 1 to 6 E6 
m 3s-1 or 200 to 500 km) the Q value is fairly constant between sections; R is not 
important in this layer, so the balance must be between stretching and the Coriolis 
force (as in Lozier and Riser's second layer). 
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Figure 5.24: Plots of the total potential vorticity in the NADW layer, with along 
track distance (km) as the x coordinate. 
5.4 Conclusions 
Despite the anticipated problems, it appears that good estimates of Q can be made 
from closely spaced hydrographic data. R proved to be fairly insensitive to the ZVS 
choice. Q is useful as a tracer, giving clear evidence of the recirculation in the 
surface layers. Although the presence of the recirculation is deduced in t he previous 
chapters, Q produces the first clear picture in the surface layer of a tracer's signature 
in the Brazil Current being altered by the addition of water from the recirculation. 
The sections also .shows the existence of a Q "wall" in the Brazil Current, similar to 
that found in the Gulf Stream and Agulhas. The presence of the wall in the a 2 
sections indicates that water conserving both its density and its potential vorticity 
cannot cross from one side of the front to the other. The wall is present in the 
sections of P, but the inclusion of R greatly inhances the strength of the front. 
T he cross stream st ructure of potential vorticity-is altered significant ly by the 
inclusion of R. In the upper layer the onshore maximum of P increases at each 
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downstream section, but the inclusion of n results in no net increase in Q. The 
importance of 'R in this layer is similar to that found in the surface layer of Lozier 
and Riser's multi-layer, quasi-geostrophic, eddy-resolving model. The balance of 
terms suggests that this is an inertial regime; a frictional regime may well occur 
farther inshore. In the deeper NADW layer, the downstream increase in the onshore 
P maximum is not reduced by the inclusion of 'R, suggesting a near-shore frictional 
regime. Farther offshore the change in Coriolis force is balanced by stretching, and 
no change in Q occurs downstream. The balance of stretching against changes in 
Coriolis force is similar to that found in the second layer of Lozier and Riser's model. 
Although the ability to detect these different flow regimes is useful, being able to 
compute an actual Q-'ll would be more significant. Unfortunately, the process of 
taking two horizontal derivatives of the density field results in a jittery n and Q. 
This raises difficulties since the high Ross by numbers (as high as 1) computed from 
the potential vorticity data indicate 'R cannot be ignored. More work will have to 
be done to determine whether the variability can be removed through either time 
averaging (using either current meters or repeat sections) or some other creative 
manipulation of the data. 
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Chapter 6 
Conclusions 
The collection of hydrographic sections through the Brazil Current is greatly 
enhanced by the addition of the Thomas Washington Marathon Cruise Leg 9 data 
set. The four sections detail the change of the current from a relatively small, 
surface feature to a large, deep current. While it does not appear to develop 
transports as large as the Gulf Stream (150 Sv ), the Brazil Current surely exceeds 
the 20 Sv attributed to it at 38° S (Gordon and Greengrove, 1986). The Brazil 
Current in the north is fairly shallow, extending down to about 700 m at 27°8; it 
transports approximately 12 Sv south, which is consistent with estimates farther 
north. Downstream, surface layer transport increases, the current deepens, and the 
transport reaches a maximum of 80 Sv at 36°8. In addition to the deepening shear, 
part of the growth comes from the tight recirculation found just offshore the Brazil 
Current. Gordon and Greengrove (1986) suggest a recirculation is needed to close 
the transport gap between 24°and 38° S, and Stramma (1989) finds evidence of a 
7.5 Sv recirculation at 30° S. This data set really provides the first picture of the 
changes in the recirculation, increasing in strength and depth to the south. 
With more sections between 33°and 38° S, one could address a number of different 
issues. It would be interesting to see how the Brazil Current and NADW align and 
what adjustments take place between the two as a result. I have written of the 
Brazil Current overriding the NADW as if it were a fairly straightforward process, 
132 
but I imagine the actual junction of the two southward flowing currents has an 
impact on each. A cleaner section at 34° S would aid this analysis. In addition, one 
would like to know what effect variablity has on the transport calculations. In 
particular, Olsen et al. (1988) found that the movement of the Brazil Current off 
the continental shelf and into deeper water may occur anywhere from 33°to 38° S. 
The separation of the Brazil Current from the continental shelf is almost surely tied 
to the strong growth found in the south; an analysis of such a link would be 
intriguing. It would also point out the problems involved in comparing transport 
values between different experiments; a large degree of variability might occur as a 
consequence of different separation points for the Brazil Current. 
Analysis of the interaction of the Brazil Current with the rest of the subtropical 
gyre is possible with a basin-wide, four layer model. The model is able to extend the 
view of the current beyond that of an isolated ocean feature. By setting constraints 
on the exchanges between various water mass layers, limits are imposed on the size 
of the Brazil Current and its recirculation. The constraints for the model are on the 
sense, or direction, of the various layer-to-layer conversions ocurring south of the 
section (one could also reinterpret them as measures of the net flow of a given layer 
across the section). Initially, a two layer model is employed. Governed by the 
conservation of mass in each layer, the two layer model has only one constraint on 
the resulting solutions: a conversion of cold-to-warm water in the south (or the 
surface layer flowing north and the deep layer flowing south). Such a meridional 
flow pattern is consistent with the equatorward heat flux in the South Atlantic. The 
single constraint, however, is not strong enough to limit the solution region in any 
significant way. A subsequent three layer model, in which all three layers conserve 
mass, has the additional constraint of AABW flowing northward across the section. 
The combination of northward flowing AABW and a conversion of N ADW to 
AAIW (cold-to-warm) places some limits on the acceptable range of solutions. 
Finally, the four layer model adds another constraint such that the net transports of 
the surface layer and the bottom water are northward and AAIW is formed from 
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N ADW. The resulting solution set has a fairly small range of transports for the 
Brazil Current. Given the complex interleavings of the South Atlantic water masses, 
the four layer model performs remarkably well. 
One would like to extend the use of the model to other latitudes to see if it performs 
equally well elsewhere. Such a simple model, however, does not deal well with 
regions with high variability. When, in the early stages of development, sensitivity 
checks were performed for the various input, the eastern boundary conditions were 
found to be the most sensitive parameter. This will be a problem if the model is 
applied farther south, where the Capetown Eddy and the Agulhas retroflection 
affect the eastern boundary. Applying the model north of 31° S may be more 
fruitful. Farther north, Reid (1989) shows a large cyclonic gyre across most of the 
basin (a cyclonic gyre in the low latitudes is not unusual, but this one extends to 
higher latitudes on the eastern edge). The cyclonic gyre is centered in the middle of 
the basin, whereas the anticyclonic subtropical gyre (where the present data is 
situated) is western intensified. The broader scale of the northern gyre may require 
the model to be altered, with the interior split into two parts; one would expect the 
two interior regions to have opposite signs of barotropic transport. Looking at the 
IGY section at 24° S (Fuglister, 1960), one finds a similar geometry in the surface 
and NADW layers, but the second layer, the AAIW, is deeper in the east than in 
the west. The baroclinic imbalance in that layer will be the opposite of that found 
at 31° S. If AAIW is still to have a net northward transport at that latitude, then 
either a lot of NADW will have to be converted to AAIW, or an adjustment will take 
place barotropically. It is possible that both the Brazil Current and the recirculation 
might have northward barotropic transports in such a situation. Certainly that 
would be consistent with the smaller Brazil Current estimates at that latitude. 
The estimation of total potential vorticity proved to be the most vexing problem 
faced in this dissertation. Contrary to what one might expect, the reference level 
choice is not a significant problem: where currents are large, most of the signal in 
relative potential vorticity comes from the measured shear, and where currents are 
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small, the relative potential vorticity is not significant compared to the planetary 
vorticity. Unfortunately, the process of taking two horizontal derivatives of the 
density field results in a jittery relative potential vorticity signal. As a result, a 
potential vorticity profile could not be constructed for the current. This variablitiy 
may be real -the ocean is frequently much noisier than one imagines. It may also 
be possible, though, to smooth the data sufficiently so that a cleaner picture 
emerged. 
Despite the problems involved in obtaining a quantitative profile of the potential 
vorticity, qualitative changes are useful in detecting different flow regimes. By 
comparing the downstream changes in total and planetary potential vorticity, one 
can deduce frictional and inertial regimes in the different layers. The presence of a 
frictional regime at the inshore edge suggests that care should be taken in assuming 
that potential vorticity is conserved in western boundary currents. 
It would be fascinating to use the calculated potential vorticity to explore the 
interaction of the Brazil Current with the changes in topography it experiences as it 
moves on and off the continental shelf and across the continental slope into deep 
waters. Such a study may involve some more creative manipulation of the data, or 
it may require a different type of data, such as a series of moored arrays. 
At the beginning of this dissertation I made the point that it is difficult to do 
interpretive work on an oceanographic feature whose very definition is subject to 
interpretation. Is the Brazil Current a classic western boundary current, developing 
deep shear and large transports, or is it merely a shallow surface current that feeds 
into the more interesting Brazil-Falklands confluence? In an effort to separate the 
observations from the interpretation, I have presented the data so one might 
interpret it in either way. However, I strongly believe that the term "Brazil Current" 
should refer to all water flowing southward contiguous with the surface expression of 
the current. Such a definition is particularly appropriate when comparing the Brazil 
Current to other western boundary currents; certainly it should lead to the Brazil 
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Current being regarded as one of the four big western boundary currents. ·-
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APPENDIX A 
Hand contoured section profiles of temperature, phosphate and nitrate for the four 
transects from the Thomas Washington Marathon cruise, Leg 3 (see Figure 1.3 for 
station locations). 
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Figure A.25: Section profile of in situ temperature (° C) at 27° S, from the Thomas 
Washington Marathon cruise, Leg 9 
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Figure Ao26: Section profiles of phosphate and nitrate at 27° S, from the Thomas 
Washington Marathon cruise, Leg 9 
144 
152 160 170 180 
Figure A.27: Section profile of in situ temperature (° C) at 31 o S, from the Thomas 
Washington Marathon cruise, Leg 9 
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Figure A.28: Section profiles of phosphate and nitrate at 31 o S, from the Thomas 
Washington Marathon cruise, Leg 9 
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Figure A.29: Section profile of in situ temperature (° C) at 34° S, from the Thomas 
Washington Marathon cruise, Leg 9 
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Figure A.30: Sect·ion profiles of phosphate and nitrate at 34° S, from the Thomas 
Washington Marathon cruise, Leg 9 
148 
103 120 131 
1000 
2000 r\ 
t, 
I 1 
I I 
\J 
......... 
~ 
'-
~ 3000 
Q_ 
li,J 
«::::) 
....-....,_ 
--..._,/ ........ .....__ ...--
-----
4000 
5000 
6000 
50°W 
Figure A.31: Section profile of in situ temperature (° C) at 36° S, from the Thomas 
Washington Marathon cruise, Leg 9 
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Figure A.32: Section profiles of phosphate and nitrate at 36° S, from the Thomas 
Washington Marathon cruise, Leg 9 
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APPENDIX B 
Programs which compute velocity from hydrographic data abound. and most are 
quite similar to each other. Like the program used here, they calculate veiocity 
shear using the thermal wind equation. Given data from two stations. a and b . the 
equation for the vertical velocity shear is 
(.A..l ) 
L is the separat ion between the two stations. 5, the specific volume anomoly, is 
defined by 
~ = a = b + a ( 35 , 0, p) 
p 
(A.2 ) 
where a (35. 0, p ) is a reference specific voiume. Once V 3 hear is calculated relative w 
the surface, a reference for the shear profile is chosen. This is added w v $hear to 
compute v 
(A.3) 
The problem comes when the bottom is reached. If the bottom is fairly fiat, and the 
stations are taken to approximately the same depth, t hen the equations above will 
give velocity estimates for the most of the water column. However , if one station is 
deeper than the other, the question of how to compute velocity in the " bottom 
triangle" (the region where only one set of data exists ) arises. This is particularly 
important with this data set, which has the Brazil Current running along a st rongly 
sloping bottom. Most programs deal with this in one of three ways: setting the 
velocity to zero, setting t he velocity to that of the deepest common level or setting 
the velocity shear t.o that of the deepest common level (DCL ). The first t reatment 
sureiy underestimates the velocity. T he second treatment probably underestimates 
the velocity, in addition, if the ZVS is in the bottom triangle the entire t riangle is 
set to zero. The third treatment probably overestimates the velocity. An alternative 
is to scale the DCL shear by the measured vertical density gradient. Mathematically 
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this can be written 
op _ op az I 
ox - oz ax p 
8p ( ) ~ op ( ) 8z (DCL) = * (p) ~ (DCL ) 
ox P 8z P ox ~: (DCL ) 
(A.4) 
(A.5) 
In general, this results in a velocity shear profile that lies between the constant 
velocity and constant shear profiles (fig A.9). Setting the velocity to a constant 
results in noticably lower velocities where the deeper station shows strong vertical 
density shear. Setting the velocity shear to a constant results in somewhat higher 
velocities which do not reflect the modulation in vertical density shear which occurs 
as the bottom was approached. By using all the density information available, an 
intermediate profile is obtained. This is particularly important in the Brazil 
Current, where strong shears are fo und right against the continental slope. 
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Figure A.33 Comparison of three velocity shear profiles, different only below the 
deepest common level. The three methods of computation are constant velocity, 
constant shear, and shear scaled by the vertical density gradient. 
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APPENDIX C 
Contoured section profiles of relative potential vorticity and ~~ components for the 
transects at 27, 31 and 34° S from the Thomas Washington Marathon cruise, Leg 9 
(see Figure 1.3 for station locations). 
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Figure A.34: Contribution of (a) relative potential vorticity and (b) ~~ to the total 
potential vorticity at 27° S. 
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Figure A.35: Contribution of (a) relative potential vorticity and (b) ~~ to the total 
potential vorticity at 31 o S. 
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Figure A.36: Contribu tion of (a) relative potential vorticity and (b) :~ to the total 
potential vorticity at 34° S. 
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APPENDIX D 
To compute layer averaged total potential vorticity, we begin with a potential 
vor ticity equation in which the cross stream velocity has been assumed negligible, 
and a 2 is the conserved scalar. 
Q = (! _ av) aa2 
ax az (0.1) 
This is averaged over a a 2 layer, where H is the height of the layer averaged between 
stations. 
Q = ~ rz2 (! - av) aa2 dz 
H l z1 ax az (0.2) 
Changing the variable of integration yields 
The last term is just the average velocity, but it must be the average with respect to 
density, not pressure or depth. The a 2 profiles are an average over two stations, 
consistent with the velocity which is computed as an average between two stations. 
Potential vorticity tends to decrease in magnitude with depth. Thus, when a layer 
intersects the bottom topography only lower values of potential vorticity are 
removed from the average. One worries that this will result in artificially large 
potential vorticities at the edge. To check for this effect, potential vorticity is 
calculated for a thin layer, 36.95 - 36.97 a 2 (fig A.37); this layer does not have the 
topographic bias described above. For each section, the shallowest station which has 
36 .95 a 2 water also has 36.97 a 2 water. If this plot is compared to the layer average 
for all NADvV (fig A.38), one finds that the relative change across each section is 
similar. The specific values should not be compared directly, only the shape of the 
curves. The bias does not appear to distort the shape of the potential vorticity 
curves for each section. 
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Figure A.37: Total potential vorticity averaged over the layer defined by 36.95 - 36.97 
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Figure A.38: Total potential vorticity averaged over the entire N ADW layer. 
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